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(57) The present invention provides an optical de- 
multiplexer and an optical multh/demultiplexer at low 
cost without reducing performance capabilities. An op- 
tical demultiplexer (100a) includes: a multi-mode 
waveguide having such an optical path length as to 
cause a difference between first and second wave- 
lengths with respect to a phase difference between ze- 
ro- and first-order modes to become an integral multiple 



of k; an input waveguide (105a) optically connected to 
the input side of the multi-mode waveguide (1 02a) such 
that the optical axis thereof is offset from the center line 
of the multi-mode waveguide (102a); and two output 
waveguides (103a and 104a) optically coupled to the 
multi-mode waveguide (102a) at different positions of 
the output side of the multi-mode waveguide (102a). 
The two output waveguides (103a and 1 04a) are located 
in such a manner as to maximize the extinction ratio. 
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Description 

BACKGROUND OF THE INVENTION 
5 Fieia of the Invention 

[0001 J The present invention relates to an optical demultiplexer and an optical multi-/demultiplexer, which are used 
in wavelength division multiplex communication, and also relates to an optical device using the optical demultiplexer 
or the optical multi-/demultiplexer. More specifically, the present invention relates to an optical demultiplexer and an 
10 optical multi-/demultiplexer, which are based on multi-mode interference (MM!), and also relates to an optical device 
using such an optical demultiplexer or optical multi-/demultip lexer. 

Description of the Background Art 

*5 [0002] In the field of optical communication, in order to increase communication capacity, there is currently proposed 
a system called a wavelength division multiplexing (WDM) scheme for multiplexing a plurality of signals into an optical 
signal, such that the plurality of signals are carried on different wavelengths of the optical signal, and for transmitting 
the optical signal via a single optical fiber. In the WDM scheme, important roles are played by an optical demultiplexer, 
which separates light into components of light of different wavelengths, and an optical multiplexer, which combines 

20 light of different wavelengths. 

[0003] There is a conventional waveguide WDM optical demultiplexer or muiti-/demultiplexer which includes: an 
optical waveguide having a Y-shaped branching portion formed in a silicon substrate; a groove formed across the Y- 
shaped branching portion; and a dielectric multilayer film filter inserted into the groove (see, for example, pp. t-4and 
FIG. 3 of Japanese Patent Laid-Open Publication No. 63-33707). 

25 [0004] Further, there is another conventional waveguide WDM optical demultiplexer or multi-/demultiplexer using an 
arrayed waveguide grating (AWG) which includes: two input/output ends; two two-dimensional optical waveguides; 
and a plurality of elongated three-dimensional optical waveguides having different lengths (see, for example, pp. 1-6 
and FIG. 1 of Japanese Patent Laid-Open Publication No. 2-244105). 

[0005] Furthermore, there is still another conventional optical muiti-/demultiplexer for separating and combining light 
30 of a plurality of wavelengths using dual-wavelength optical multi-/demultiplexers connected in series each including 
two MMI couplers and two parallel single-mode waveguides (see, for example, pp. 2-10 and FIG. 16 of Japanese 
Patent Laid-Open No. 2002-286952) . 

[0006] Further still, there is still another conventional optical multi-/demultiplexer in which an'input optical waveguide 
for allowing light of two different wavelengths to propagate therethrough is coupled to an input end of a multi-mode 
35 interference optical coupler, and the width and length of the multi-mode interference optical coupler are set such that 
components of the light of two different wavelengths are focused onto different locations on an output end of the multi- 
mode interference optical coupler (see, for example, pp. 2-5 and FIG. 11 of Japanese Patent Laid-Open Publication 
No. 8-201648; F. Rottmann, A. Neyer, W. Mevenkamp, and E. Voges, "integrated-Optic Wavelength Multiplexers on 
Lithium Niobate Based on Two-Mode Interference", Journal of Lightwave Technology, Vol. 6, No. 6, June 1988 (here- 
to inafter, referred to as the "Document 1"); M. R. Paiam, C. F. Janz, R. I. MacDonald, J. N. Broughton, "Compact Planar 
980/1550-nm Wavelength Multi/Demultiplexer Based on Multimode Interference'*, IEEE Photonics Technology Letters, 
Vol. 7, No. 10, October 1995 (hereinafter, referred to as the "Document 2"); K. C. Lin and W. Y Lee, "Guided-wave 
1 .3/1 .55 u,m wavelength division multiplexer based on multimode Interference", IEEE Electronics Letters, Vol. 32, No. 
14, 4th July 1996 (hereinafter referred to as the "Document 3"); and Baojun Li, Guozheng Li, Enke Liu, Zuimin Jiang, 
45 Jie Qin, and Xun Wang, "Low-Loss 1 X2 Multimode Interference Wavelength Demultiplexer in Silicon-Germanium Al- 
loy", IEEE Photonics Technology Letters, Vol. 11 , No. 5, May 1999 (hereinafter, referred to as the "Document 4"). 
[0007] A conventional optical demultiplexer or multi-/demultiplexer as disclosed in Japanese Patent Laid-Open Pub- 
lication No. 63-33707 requires not only the optical waveguide but also an additional element, i.e. , the dielectric multilayer 
film filter. Moreover, a process for producing such an optical demultiplexer or multi-Zdemultiplexer requires subproc- 
50 esses for forming the groove in the optical waveguide and inserting the dielectric multilayer film filter into the groove 
with high precision. The conventional optical demultiplexer or multi /demultiplexerseparatesorcombineslightbyailow- 
inglight of different wavelengths to be reflected by or propagate through the dielectric multilayer film filter. Accordingly, 
it is necessary to provide an element for receiving separated light (e. g. , a photodiode) and an element for emitting 
multiplexed light (e. g. , a laser diode) at opposite ends of the conventional optical demultiplexer or mu!ti-/demultiplexer. 
55 Thus, in the case where the conventional optical demultiplexer or multi-/demultiplexer is provided as a module including 
electric circuitry, it is necessary to form the electric circuitry in a position opposite to optical demultiplexer or multi-/ 
demultiplexer circuitry with respect to optical circuitry, i.e., optical waveguides, resulting in a module having a compli- 
cated structure. 
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[0008] Further, another conventional optical demultiplexer or multi-/demultiplexer as disclosed in Japanese Patent 
Laid>Open Publication No. 2-244105 is developed for use in high density WDM of eight or wore wavelengths, and 
therefore is expensive while being highly precise. Accordingly, when using such a conventional optical demultiplexer 
ormulti-/demultiplexer for low density WDM of about two to four wavelengths, the cost effectiveness is low as compared 
to the case of using the conventional optical demultiplexer or multi-/demultiplexer as disclosed in Japanese Patent 
Laid-Open Publication No. 63-33707. 

[0009] Furthermore, still another conventional optical multi-/demultiplexer as disclosed in Japanese Patent Laid- 
Open Publication No. 2002-286952 is configured to separate and combine light of a plurality of wavelengths using the 
dual-wavelength optical multi-Zdemultiplexer circuits connected in series each including two MMI couplers and twopar- 
allel single-mode waveguides. Accordingly, the structure of such a conventional optical multiVdemultiplexer becomes 
complicated, and the optical path thereof is required to be lengthened, making it difficult to provide a compact optical 
multi-/demultiplexer. Moreover, a significant loss of light is resulted from the lengthened optical path. 
[0010] Further still, in still another conventional optical multi /demultiplexer of a first type, as disclosed in Document 
1 , a Y-like input waveguide and a Y-like output waveguide are respectively connected at the input and output sides of 
'5 a multi-mode waveguide. In still another conventional optical multi-/demultiplexer of a second type, as disclosed in 
Japanese Patent Laid-Open Publication No. 8-20164 and Documents 2 through 4, input and output waveguides are 
respectively connected at the input and output sides of the multi-mode waveguide so as to be parallel with each other. 
These two types of conventional optical multi-/demultiplexers differ from each other in terms of shapes of the input and 
output waveguides. However both types are alike in that the shape of the multi-mode waveguide is designed such 
that components of light of two different wavelengths are focused at (and outputted from) their respective output po- 
sitions (i.e., output waveguide connecting positions as described later) determined in such a manner as to allow one 
wavelength to be in a bar-coupled state, while allowing the other wavelength to be in a cross-coupled state, thereby 
allowing the powers of the components to be maximized. - - 

[0011] Accordingly, in both types of conventional optical multi-/demultip lexers, although the power of light at each 
wavelength is maximized at the output position, an extinction ratio, which is a ratio between powers of light of a desired 
wavelength and another wavelength, is not always maximized at the output position. This is because distribution of 
the power of light at an output end is determined by the width of a fundamental mode at the wavelength of. the light, 
and a position at which the power of light is maximized or minimized (hereinafter, referred to as the "maximum light 
power position" or "minimum light power position") moves outwards within the multi-mode waveguide as the wavelength 
30 becomes longer. That is, at each output position, the power of light of one wavelength desired to be outputted is 
maximized, while the power of light of the other wavelength to be cut off is not minimized, and therefore the extinction 
ratio is not maximized at the output positions of a conventional optical multiVdemultiplexer of any one of the types 
described above. 

[0012] The term "extinction ratio" as used herein refers to a ratio which indicates the power of light of a desired 
wavelength to be outputted at one output position with respect to the power of light of a wavelength to be cut off at the 
same output position. Note that Documents 2 through 4 present the concept of the "ratio between powers of light" (i. 
e., the "contrast" or the "extinction ratio)" which indicates a ratio between powers of light at the same wavelength in 
different output positions. Thus, the concept as presented by Documents 2 through 4 is completely different from the 
concept of the extinction ratio as described herein which indicates the ratio between powers of light of different wave- 
4 o lengths in the same output position. 

[0013] It depends on the use of the demultiplexer or multi-/demultiplexer whether prime importance is placed on the 
ratio between powers of light of different wavelengths in the same output position or on the ratio between powers of 
light at the same wavelength in different output positions. If the demultiplexer or multi-/demultiplexer is used for simply 
separating two wavelengths in one direction, prime importance may be placed on the ratio between powers of light at 
the same wavelength in different output positions as in the case of Documents 2 through 4. However, in the great 
majority of cases, e.g., as in the case of bidirectional communication, a transmitting device, as well as a light receiving 
device, is actually provided at the output side of the optical demultiplexer. Therefore, it is not practical to employ the 
conventional optical demultiplexer or mult»-/demultiplexer which is limited to the use for simply separating two wave- 
lengths in one direction. In the case of using such a conventional optical demultiplexer or multi-/d emu Itip lexer, light-of 
a wavelength other than a desired wavelength enters the transmitting device, leading to a malfunction or performance 
degradation of the conventional optical demultiplexer or multi /demultiplexer. Particularly, in the case of bidirectional 
WDM transmission, when light of a wavelength different from the transmitting wavelength enters a transmitting and 
light emitting section, such as a laser, a critical problem might be caused. Therefore, prime importance should be 
placed on the ratio between powers of light of different wavelengths in the same output position, rather than on the 
55 ratio between powers of light at the same wavelength in different output positions. 

[0014] However, the wavelength dependence of the output position at the output end of the multi-mode waveguide 
is significantly influenced by the width of the multi-mode waveguide. As in the case of Japanese Patent Laid-Open 
Publication No. 8-201648 and Documents 2 through 4, when the width of themulti-mode waveguide is narrow, e.g., 5 
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pm to 12.6 um, the width of the fundamental mode of a wavelength is also narrow. Accordingly, the distribution of the 
power of light at each output position on the output end is such that the maximum light powot position of a desired * 
wavelength to be outputted is close to the minimum light power position at a wavelength to be cut-off. Accordingly, a 
satisfactory extinction ratio can be obtained at the maximum light power position of the desired wavelength. As a result, 
5 there has been no necessity to discuss the issue concerning the position where the extinction ratio is maximized 
(hereinafter, referred to as the "maximum extinction ratio position"). 

[0015] Further, in Japanese Patent Laid-Open Publication No. 8-201648 and Documents 1 through 4, it is not as- 
sumed that light of a wavelength different from the transmitting wavelength enters a transmitting and light emitting 
section, such as a laser, of a WDM transmitting/receiving module, and therefore the extinction ratio is not considered 
10 as an issue of further improvement. However, in the case where the width of the multi-mode waveguide is equal to or 
more than about 20 urn, there appears a remarkable difference between the maximum light power position of the 
desired wavelength and the maximum extinction ratio position, and therefore the issue concern ingthemaximumextinc- 
tionratiopositioncannotbeignored. 

15 SUMMARY OF THE INVENTION 

[0016] Therefore, an object of the present invention is to provide: an optical demultiplexer, an optical multiplexer, 
and an optical muiti-/demu It ip lexer, which can be simply structured for use in low density WDM of about two to four 
wavelengths and can be provided at low cost; and an optical device using such an optical demultiplexer and such an 
20 optical multiplexer, or using such an multi-/demultiplexer. 

[0017] Further, another object of the present invention is to provide: an optical demultiplexer, an optical multiplexer, 
and an optical multi-/demultiplexer, which can extract only a desired wavelength and cut off other wavelengths; and 
an optical device using such an optical demultiplexer and such an optical multiplexer, or using such a multi-/demuttj- 
p lexer. 

25 [001 8] The present invention has the following features to attain the objects mentioned above. 

[0019] A first aspect of the present invention is directed to an optical demultiplexer for separating input wavelength- 
multiplexed light of first and second wavelengths. The optical demultiplexer includes a multi-mode propagation portion, 
an input portion, and first and second output portions. The multi-mode propagation portion allows multi-mode propa- 
gation of light of the first and second wavelengths, and separates powers of the light of first and second wavelengths 

30 by causing internal mode interference. The input portion inputs light to the multi-mode propagation portion from such 
an input position as to cause separation of the powers of light in the multi-mode propagation portion. The first and 
second output portions output the light of first and second wavelengths from the multi-mode propagation portion via 
such positions on an output end face as to cause separation of the powers of the light of first and second wavelengths 
and maximize an extinction ratio indicating the size of the power of light of a desired wavelength with respect to the 

35 power of light of a wavelength to be cut off. 

[0020] When a value of the extinction ratio corresponds to ten times the natural logarithm of the quotient obtained 
by dividing the power of light of the desired wavelength by the power of light of the wavelength to be cut off, the extinction 
ratio is equal to or more than 30dB at a position where the extinction ratio is maximized. Preferably, a refractive index 
of the multi-mode propagation portion is less than or equal to 2.0. More specifically, the first output portion is located 

40 in a position where the power of light of the second wavelength is minimized, and the second output portion is located 
in a position where the power of light of the first wavelength is minimized. 

[0021] In the case where a phase difference between zero- and first-order modes of the first wavelength is 0 t and a 
phase difference between zero- and first-order modes of the second wavelength is 6 2 , it is preferred that the multi- 
mode propagation portion has such an optical path length in a propagation direction as to cause a difference between 

^5 e 1 and e 2 to be in the range of rrm±7t/2 : where m is a natural integer. 

[0022] Alternatively, the multi-mode propagation portion may have such an optical path length in the propagation 
direction as to cause at least one of the powers of the light of first and second wavelengths to be minimized or maximized 
at an output end of each of the first and second wavelengths. Alternatively still, the multi-mode propagation portion 
may have such an optical path length in the propagation direction as to cause the difference between G 1 and 8 2 to 

so become an integral multiple of n. Alternatively still, the multi-mode propagation portion may have such an optical path 
length in the propagation direction as to cause the powers of the light of first and second wavelengths to become 
minimum or maximum values inverted with respect to each other at the output end of each of the first and second 
wavelengths. Alternatively still, the multi-mode propagation portion may have such an optical path length in the prop- 
agation direction as to cause the extinction ratio at the output end of each of the first and second wavelengths to 

55 become equal to or more than 30 dB. Alternatively still, the multi-mode propagation portion may have such an optical 
path length in the propagation direction as to cause the difference between e 1 and G 2 to become an integral multiple of tc. 
[0023] In one embodiment, the multi-mode propagation portion is formed by one multi-mode waveguide, the center 
line of the multi-mode waveguide corresponds to an optical axis of the multi-mode propagation portion, and the input 
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position is offset from the optical axis. Alternatively, the multi-mode propagation portion may be formed by two single- 
mode waveguides, an axis of symmetry between the two multi-mode waveguides corresponds*© an optical axis of the 
multi-mode propagation portion, and the input position is an input end of either of the two single-mode waveguides. 
[0024] In one embodiment, the multi-mode propagation portion includes: a first optical path length portion having an 

5 optical path length in a propagation direction such that, in the case where a phase difference between zero- and first- 
order modes of the first wavelength is e 1 and a phase difference between zero T and first-order modes of the second 
wavelength is 9 2 , a difference between 9-, and 9 2 is in the range of rmt±rc/2, where m is a natural integer; and a second 
optical path length portion having an optical path length in the propagation direction such that the difference between 
B A and 9 2 is in the range of rrm±7i/2. In this case, light of the first wavelength is outputted from the first optical path 

10 length portion, light of the second wavelength is outputted from the second optical path length portion, and the first 
and second optical path length portions have different optical path tengths. Preferably, the first optical path length 
portion has such an optical path length in the propagation direction as to cause the difference between 9 1 and 9 2 to 
become an integral multiple of n, and the second optical path length portion has such an optical path length in the 
propagation direction as to cause the difference between 9 1 and 9 2 to become an integral multiple of it. Further, the 

*5 multi-mode propagation portion may be formed by one multi-mode waveguide, the center line of the multi-mode 
waveguide may correspond to an optical axis of the multi-mode propagation portion, and the input position may be 
offset from the optical axis. Alternatively, the multi-mode propagation portion may be formed by two single-mode 
waveguides having different lengths, and an axis of symmetry between the two multi-mode waveguides may correspond 
to an optical axis, of the multi-mode propagation portion. 

20 [0025] In one embodiment, the multi-mode propagation portion has an optical path length in a propagation direction 
such that, in the case where a phase difference between zero- and first-order modes of the first wavelength is 9 1 and 
a phase difference between zero- and first-order modes of the second wavelength is 9 2 , a difference between 9 1 and 
9 2 is in the range of m7c±7i/2, where m is a natural integer, and the multi-mode propagation portion includesra frrst 
multi-mode region capable of transmitting therethrough only multi-mode light of a shorter one of the first and second 

25 wavelengths; and a second multi-mode region capable of transmitting therethrough multi-mode light of the first and 
second wavelengths, the second multi-mode region being present downstream in a traveling direction of light from the 
first multi-mode region. In this case, the multi-mode propagation portion may have such an optical path Jength in the 
propagation direction as to cause the difference between 9 1 and 9 2 to become an integral multiple of it. Further, the 
multi-mode propagation portion may be formed by one multi-mode waveguide, and the first and second multi-mode 

30 regions may be formed by cutting out a portion having a rectangular solid-shape from the input side of the multi-mode 
waveguide, such that the first multi-mode region becomes partially narrower than the second multi-mode region. Fur- 
thermore, the input position may be offset from the optical axes of the first and second multi-mode regions. 
[0026] Alternatively, the firstmulti-mode region may be formed by two former-stage single-mode waveguides used 
as a former-stage multi-mode region, the second multi-mode region may be formed by two latter-stage single-mode 

35 waveguides used as a latter-stage multi-mode region, and a space between the former-stage single-mode waveguides 
may be narrower than a space between the latter-stage single-mode waveguides. 

[0027] Further, the centers of the axes of the first and second multi-mode regions may be offset from each other. 
[0028] In one embodiment, in the case where a phase difference between zero- and first-order modes of the first 
wavelength is 9 t and a phase difference between zero- and first-order modes of the second wavelength is 9 2 , the multi- 

^o mode propagation portion may have such an optical path length in a propagation direction as to cause a difference 
between 9 t and 9 2 to be in the range of rrm±7t/2, where m is a natural integer, and the width of the multi-mode propagation 
portion may vary along a direction of an optical axis of the optical demultiplexer. In this case, the multi-mode propagation 
portion may have such an optical path length in the propagation direction as to cause the difference between 0j and 
0 2 to become an integral multiple of n. Further, the multi-mode propagation portion may be formed by one multi-mode 

45 waveguide, and the center line of the multi-mode waveguide may correspond to an optical axis of the multi-mode 
propagation portion. Alternatively, the multi-mode propagation portion may be formed by two single-mode waveguides, 
and an axis of symmetry between the two multi-mode waveguides may correspond to an optical axis of the multi-mode 
propagation portion. 

[0029] In one embodiment, the optical demultiplexer may further include: a first latter-stage multi-mode propagation 
50 portion provided at an output end of the first output portion, the first latter-stage multi-mode propagation portion having 
the same characteristic as that of the multi-mode propagation portion; a second latter-stage multi-mode propagation 
portion provided at an output end of the second output portion, the second latter-stage multi-mode propagation portion 
having the same characteristic as that of the multi-mode propagation portion; a first latter-stage output portion for 
outputting light of the first wavelength to be separated by the first latter-stage multi-mode propagation portion; and a 
55 second latter-stage output portion for outputting light of the second wavelength to be separated by the second latter- 
stage multi-mode propagation portion. 

[0030] For example, the optical demultiplexer may further include an external electric field control section for applying 
an external electric field to the multi-mode propagation portion, and the multi-mode propagation portion is formed of 
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an electro-optic material. In this case, the external electric field control section may include: a pair of electrodes provided 
on a surface of the multi-mode propagation portion; and an external voltage control section controlling a voltage 
between the pair of electrodes. 

[0031] For example, the optical demultiplexer may further include an external temperature control section for con- 
trolling the temperature of the multi-mode propagation portion, and the multi-mode propagation portion may be formed 
of a thermo-optic material having a temperature dependence. In this case : the external temperature control sectionmay 
include: a heat conducting member provided on a surface of the multi-mode propagation portion; and a temperature 
control member for controlling the temperature of the multi-mode propagation portion by heating and/or cooling the 
heat conducting portion. Further, the external temperature control section may include: a Peltier device provided on a 
surface of the multi-mode propagation portion; and a temperature control member for controlling the temperature of 
the multi-mode propagation portion by applying a current to the Peltier device. 

[0032] Preferably, the input portion may be a waveguide optically coupled to the input side of the multi-mode prop- 
agation portion, and each of the first and second output portions may be a waveguide optically coupled to the output 
side of the multi-mode propagation portion. 

[0033] A second aspect of the present invention is directed to an optical device for transmitting/receiving light of first 
and second wavelengths. The optical device includes: a multi-mode propagation portion, an input portion, first and 
second output portions, a first optical element, and a second optical element. The multi-mode propagation portion 
allows multi-mode propagation of light of the first and second wavelengths and separates powers of the light of first 
and second wavelengths by causing internal mode interference. The input portion inputs light to the multi-mode prop- 
agation portion from such an input position as to cause separation of the powers of light in the multi-mode propagation 
portion. The first and second output portions output the light of first and second wavelengths from the multi-mode 
propagation portion via such positions on an output end face as to cause separation of the powers of the light of first 
and second wavelengths and maximize an extinction ratio indicating the size of the power of light of a desired^wave- 
length with respect to the power of light of a wavelength to be cut off. The first optical element receives and/or emits 
light of the first wavelength, the first optical element being provided at an output end of the first output portion. The 
second optical element receives and/or emits light of the second wavelength, the second optical element being provided 
at an output end of the second output portion. 

[0034] In one embodiment, the second optical element includes: a light emitting portion for emitting light of the second 
wavelength; and a light receiving portion for receiving light of the second wavelength. 
30 [0035] A third aspect of the present invention is directed to an optical demultiplexer for separating input wavelength- 
multiplexed light of n types of different wavelengths, where n is a natural integer. The optical demultiplexer includes: 
a multi-mode propagation portion, an input portion, and n output portions. The multi-mode propagation portion allows 
multi-mode propagation of the input wavelength-multiplexed light of n types of different wavelengths and separates 
powers of the light of n types of different wavelengths by causing internal mode interference. The input portion inputs 
35 light to the mufti-mode propagation portion from such an input position as to cause separation of the powers of light in 
the multi-mode propagation portion. The n output portions output the light of n types of different wavelengths from the 
multi-mode propagation portion via such positions on an output end face as to cause separation of the powers of the 
light of n types of different wavelengths and maximize an extinction ratio indicating the size of the power of light of a 
desired wavelength with respect to the power of light of a wavelength to be cut off. 
40 [0036] In the case where i=0, t , n and k=1, 2, ... , n-1 , when a phase difference between i'th- and i+1th-order 
modes of a k'th wavelength \ is e k and a phase difference between ith- and i+1 th-order modes of a k+1 ■ th wavelength 
*-k+i I s e k+i» jt » s preferred that the multi-mode propagation portion has such an optical path length in a propagation 
direction as to cause a difference between e k and 8 k+1 as to be in the range of rrm+7t/2, where m is a natural integer. 
[0037] In one embodiment, the multi-mode propagation portion may be formed by one multi-mode waveguide, the 
center line of the multi-mode waveguide may correspond to an optical axis of the multi-mode propagation portion, and 
the input position may be offset from the optical axis. 

[0038] Alternatively, the multi-mode propagation portion may be formed by n single-mode waveguides, and an axis 
of symmetry between outermost single-mode waveguides among the n single-mode waveguides may correspond to 
an optical axis of the multi-mode propagation portion. Further, the n single-mode waveguides may be equally spaced. 
Furthermore, the n types of different wavelengths may be equally spaced. 

[0039] A fourth aspect of the present invention is directed to an optica lmulti-/d emu Itiplexer for combining/separating 
light of first and second wavelengths or n types of different wavelengths, where n is a natural integer. The optical multi-/ 
demultiplexer is realized by using an optical demultiplexer of the present invention as an optical multiplexer. 
[0040] A fifth aspect of the present invention is directed to an optical device for adjusting wavelength-multiplexed 
light of n types of wavelengths, where n is a natural integer. The optical device includes: a demultiplexing section for 
separating the light of n types of wavelengths; a multiplexing section for combining the light of n types of wavelengths; 
and n adjusting sections for adjusting light of the n types of wavelengths separated by the demultiplexing section and 
inputting the light of the n types of wavelengths to the multiplexing section. The demultiplexing section includes a 
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demultiplexer multi-mode propagation portion allowing multi-mode propagation of the light of n types of wavelengths 
and separating powers of the light of n types of wavelengths by causing internal mode interference. The multiplexing 
section includes a multiplexer multi-mode propagation portion allowing multi-mode propagation of the light of n types 
of wavelengths and combining powers of light of the n types of wavelengths by causing internal mode interference. In 
the case where 1=0, 1, n and k=1, 2, n-1 , when a phase difference between i'th- and i+1'th-order modes of a k'th 
wavelength A* is and a phase difference between ith- and i+nh-order modes of a k+Vth wavelength \ +1 is 6 k+1 , 
each of the demultiplexer and multiplexer multi-mode propagation portions has such an optical path length in a prop- 
agation direction as to cause a difference between 6 k and 6 k+1 to be in the range of nrm±7i/2, where m is a natural integer. 
[0041] Preferably, each of the n adjusting sections may adjust at least one of a gain, a phase, and a polarized status 
for each wavelength. 

[0042] The optical device may further include an external control section, wherein the external control section is able 
to communicate with each of the n adjusting sections so as to dynamically adjust at least one of a gain, a phase, and 
a polarized status for each wavelength. 

[0043] Alternatively, the optical device may further include: an external control section; and a monitor section for 
monitoring the output of the multiplexer multi-mode propagation portion. The external control section may be able to 
communicate with each of the n adjusting sections and the monitor section and to feed back an output status of the 
multiplexer multi-mode propagation portion so as to dynamically adjust at least one of a gain, a phase, and a polarized 
status for each wavelength. 

[0044] A sixth aspect of the present invention is directed to an optical device having an add/drop function of extracting 
one of two wavelengths multiplexed in light and recombining the two wavelengths. The optical device includes: a 
demultiplexer for separating light of the two wavelengths; a multiplexer for combining light of the two wavelengths; a 
relay waveguide for relaying light of a first wavelength in wavelength-multiplexed light to the multiplexer, the relay 
waveguide being connected to the output side of the demultiplexer; a drop waveguide for guiding light of a second 
waveguide in the wavelength-multiplexed light to the outside of the demultiplexer, the drop waveguide being connected 
to the output side of the demultiplexer; and an add waveguide for guiding the light of the second wavelength back into 
the demultiplexer and relaying the light to the multiplexer. The demultiplexer includes a demultiplexer multi-mode prop- 
agation portion allowing multi-mode propagation of light of the first and second wavelengths and separating powers 
of the light of the first and second wavelengths by causing internal mode interference. The multiplexer includes a 
multiplexer multi-mode propagation portion allowingmulti-mode propagation of the light of the first and second wave- 
lengths and combining the powers of th e light of the first and second wavelengths by causing internal mode interference, 
in the case where a phase difference between zero- and first-order modes of the first wavelength is 9 1 and a phase 
difference between zero- and first-order modes of the second wavelength is G 2 , each of the demultiplexer and multi- 
plexer multi-mode propagation portions has such an optical path length in a propagation direction as to cause a dif- 
ference between and 9 2 to be in the range of rmdL7i/2 t where m is a natural integer. 

[0045] A seventh aspect of the present invention is directed to an optical demultiplexer for separating, into two groups 
of wavelengths, input wavelength-multiplexed light of 2n types of different wavelengths A^ , .... A^, where n is a natural 
integer. The optical demultiplexer includes: a multi-mode propagation portion allowing multi-mode propagation of light 
of the 2n types of different wavelengths in the input wavelength-multiplexed light and separating powers of light of the 
two groups of wavelengths by causing internal mode interference; an input portion for inputting light to the multi-mode 
propagation portion from such an input position as to cause separation of powers of light in the multi-mode propagation 
portion; and two output portions for outputting the light of the two groups of wavelengths from such positions as to 
cause separation of the powers of the light of the two groups of wavelengths. The two groups of wavelengths consist 
of the group of odd-numbered multiplexed wavelengths and the group of even-numbered multiplexed wavelengths. 
[0046] In the case where k=1 , 2, n-1 , when a phase difference between zero- and first-order modes of a 2k-11h 
wavelength A^.., is 6^ and a phase difference between zero- and first-order modes of a 2kth wavelength A^ k is 0^, 
it is preferred that the multi-mode propagation portion has such an optical path length in a propagation direction as to 
cause a difference between 6 2k . 1 and 8 2k to be in the range of rrm±7i/2, where m is a natural integer. 
[0047] Preferably, the multi-mode propagation portion may be formed by one multi-mode waveguide, the center line 
of the multi-mode waveguide may correspond to an optical axis of the multi-mode propagation portion, and the input 
position may be offset from the optical axis. 

[0048] Alternatively, the multi-mode propagation portion may be formed by two single-mode waveguides having 
different lengths, and an axis of symmetry between the two single-mode waveguides may correspond to an optical 
axis of the multi-mode propagation portion. 

[0049] In the case where k=1 , 2, n-1 , when a phase difference between zero- and first-order modes of a 2k-1th 
wavelength is e^.j and a phase difference between zero- and first-order modes of a 2kth wavelength A^ is 0^, 
the multi-mode propagation portion includes: a first optical path length portion having such an optical path length in a 
propagation direction as to cause a difference between ft^^ and 0^ to be in the range of mTttn/2, where m is a natural 
integer; and a second optical path length portion having such an optical path length in the propagation direction as to 



EP 1 426 799 A2 



15 



20 



a difference between 6^ and G 2k to be In the range of mn±n/2. The group of the odd-numbered multiplexed wave- 
lengths may be outpjtted from the first optical path length portion, the group of the even-numbered multiplexed wave- 
lengths may be ouvsmed from the second optical path length portion, and the first and second optical path length 
portions may have efferent optical path lengths. 
5 [0050] Further, the multi-mode propagation portion may be formed by one multi-mode waveguide, the center line of 
the multi-mode waveguide may correspond to an optical axis of the multi-mode propagation portion, and the input 
position may be offset from the optical axis. 

[0051] Alternatively, the multi-mode propagation portion may be formed by two single-mode waveguides having 
different lengths, and an axis of symmetry between the two single-mode waveguides may correspond to an optical 
to axis of the multi-mode propagation portion. 

[0052] Preferably, the 2n types of wavelengths may be equally spaced. 

[0053] Preferably, a refractive index of the multi-mode propagation portion may be in linear relationship with a wave- 
length in at least n types of wavelength ranges. 

[0054] Preferably, n is a number which satisfies n=4k, where k is a natural integer, and the optical demultiplexer may 
further include: a first latter-stage mutti-mode propagation portion optically connected to an output end of the output 
portion for guiding the group of odd-numbered multiplexed wavelengths and having the same characteristic as that of 
the multi-mode propagation portion; a second latter-stage multi-mode propagation portion optically connected to the 
output end of the output portion for guiding the group of even-numbered multiplexed wavelengths and having the same 
characteristic asjhat of the multi-mode propagation portion; a first latter-stage output portion for outputting the group 
of 4k-31h wavelengths separated by the first latter-stage mufti-mode propagation portion; a second latter-stage output 
portion for outputting the group of 4k-1 th wavelengths separated by the first latter-stage multi-mode propagation por- 
tion; a third latter-stage output portion for outputting the group of 4 k-2'th wavelengths separated by the second latter- 
stage multi-mode propagation portion; and a fourth latter-stage output portion for outputting the group of 4ktrTWave- 
lengths separated by the second latter-stage multi-mode propagation portion. 

[0055] An eighth aspect of the present invention is directed to an optical demultiplexer for separating input wave- 
length-multiplexed light of first and second wavelengths. The optical demultiplexer includes: a first multi-mode propa- 
gation portion for separating powers of light of third and fourth wavelengths by causing internal mode interference, the 
third wavelength being offset from the first wavelength by a prescribed wavelength, the fourth wavelength being offset 
from the second wavelength by a prescribed wavelength, an input portion for inputting light to the first multi-mode 
propagation portion from such an input position as to cause separation of powers of light in the first multi-mode prop- 
agation portion; a first output portion provided to an output end face of the first multi-mode propagation portion in such 
a position as to cause separation of the powers of light of the third and fourth wavelengths and maximize an extinction 
ratio indicating the size of the power of light of the fourth wavelength with respect to the power of light of the third 
wavelength; a second output portion provided to the output end face of the first multi-mode propagation portion in such 
a position as to cause separation of the powers of light of the third and fourth wavelengths and maximize the extinction 
ratio indicating the size of the power of light of the fourth wavelength with respect to the power of light of the third 
wavelength; second and third multi-mode propagation portions each separating powers of light of fifth and sixth wave- 
lengths by causing internal mode interference, the fifth wavelength being offset from the first wavelength by a prescribed 
wavelength in a direction opposite to a direction of the offset of the third wavelength, the sixth wavelength being offset 
40 from the second wavelength by a prescribed wavelength in a direction opposite to a direction of the offset of the fourth 
wavelength; a third output portion provided to an output end face of the second multi-mode propagation portion in such 
a position as to cause separation of powers of light of the fifth and sixth wavelengths and maximize the extinction ratio 
indicating the size of the power of light of the sixth wavelength with respect to the power of light of the fifth wavelength; 
and a fourth output portion provided to an output end face of the third multi-mode propagation portion in such a position 
as to cause separation of the powers of light of the fifth and sixth wavelengths and maximize the extinction ratio indi- 
cating the size of the power of light of the sixth wavelength with respect to the power of light of the fifth wavelength. 
[0056] Preferably, the third and fifth wavelengths may be symmetric with respect to the first wavelength, and the forth 
and sixth wavelengths may be symmetric with respect to the second wavelength. 

[0057] In the present invention, distribution of powers of light is changed within the mufti-mode propagation portion 
by causing mode interference therein, thereby separating the powers of light of a plurality of wavelengths to be out- 
putted. Accordingly, it is possible to provide a low-dost optical demultiplexer or optical multi-/demultiplexer simply struc- 
tured with the multi-mode propagation portion consisting of waveguides without using a dielectric film filter or the like. 
Moreover, the light of first and second wavelengths are outputted from such positions as to maximize the extinction 
ratio, and therefore it is possible to provide an optical demultiplexer or optical multiVdemultiplexer capable of separating 
only light of a desired wavelength, while cutting off unnecessary wavelengths. 

[0058] Further, by configuring the multi-mode propagation portion so as to have a refractive index of 2.0 or more, or 
the width of 15 u.m, a position at which the power of light of the desired wavelength is maximized is made apart from 
a position at which the extinction ratio is maximized. Accordingly, it is possible to identify a position at which a satisfactory 
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extinction ratio can be obtained. Thus, it is made easy to provide an optical demultiplexer or optical multi-/demultiplexer 
capable of separating only light of a desired wavelength, while cutting off unnecessary wavelengths. 
[0059] Furthermore, by configuring the multi-mode propagation portion so as to have such an optical path length 
which is in the range of rrm±7t/2, where m is a natural integer, mode interference between zero- and first-order modes 

5 is caused within the multi-mode propagation portion, so that the powers of light alternately move up and down in a 
traveling direction of the light. In the case where an optical path length is provided.such that a phase difference between 
two wavelengths is caused to be in the range of m7cb7i/2 due to chromatic dispersion resulted from the mode interfer- 
ence, i.e., due to the wavelength dependence of propagation coefficients for changing the powers of light, the powers 
of light are distributed so as to become almost symmetric with respect to the center line of the multi-mode propagation 

10 portion. By outputting light of the two wavelengths from positions where the powers of light of the two wavelengths are 
almost separated, it is made possible to readily separate the two wavelengths. Accordingly, it is possible to provide an 
optical demultiplexer or optical multi /demultiplexer simply structured with the multi-mode propagation portion consist- 
ing of waveguides without using a dielectric film filter or the like. 

[0060] Further still, by configuring the multi-mode propagation portion so as to have such an optical path length as 
15 to cause at least one of the powers of light of the first and second wavelengths to be maximized or minimized at an 
output end of each of the first and second wavelengths, it is made possible to enhance the extinction ratio at each 
-output end. 

[0061] Further still, by configuring the multi-mode propagation portion so as to have such an optical path length as 
to cause the difference between the phase differences G 1 and 6 2 to become an integral multiple of n, the optical path 
20 length itself is also caused to become an integral multiple of n. As a result, the powers of light of the first and second 
wavelengths are completely separated at each output end of the wavelengths, and therefore it is possible to perform 
an optical demultiplexing operation with higher precision. 

[0062] Further still, by configuring the multi-mode propagation portion so as to have such an optical path length trs 
to cause the powers of the light of first and second wavelengths to become inverted extrernums, the power of light of 
25 the first wavelength is caused to be maximized at the output end of the first wavelength and the power of light of the 
second wavelength is caused to be minimized at the output end of the first wavelength. Moreover, at the output end 
of the second wavelength, the powers of light of the first and second wavelengths are caused to become minimum 
and maximum, respectively. Thus, it is possible to obtain a higher extinction ratio. 

[0063] There are no problems for practical use of the optical multi-mode propagation portion having such an optical 
30 path length as to cause the extinction ratio to become 30dB or more at each output end of the first and second wave- 
lengths. 

[0064] In this case, the optical path length is caused to become an integral multiple of n. As a result, the power of 
light of thef irst and second wavelengths are completely separated at each output end of the wavelengths, and therefore 
it is possible to performanopticaldemultiplexingoperationwithhigherprecision. 
35 [0065] By forming the multi-mode propagation portion with one multi-mode waveguide, it is possible tasimply struc- 
ture the optical demultiplexer. 

[0066] Alternatively, by forming the mufti-mode propagation portion with two single-mode waveguides, it is possible 
to simply structure the optical demultiplexer. 

[0067] Further, by providing the first and second optical path length portions having different lengths, it is made 
*o possible to separate the powers of light with a shorter optical path length, thereby making it possible to provide a 
compact optical demultiplexer. 

[0068] Furthermore, by causing mode interference of a shorter wavelength in the first mufti-mode region, it is.made 
possible to shorten the optical path length required for a final phase difference in variation of the power of light, thereby 
making it possible to provide a compact optical demultiplexer. 
45 [0069] Further still, by cutting out a portion having a rectangular solid-shape from the input side of the multi-mode 
waveguide, mode interference of the shorter wavelength is caused to occur first in a narrowed region of the multi-mode 
waveguide, thereby making it possible to make the optical demultiplexer more compact. 

[0070] Further still, by forming the first and secondmulti-mode regions such that their respective centers of optical 
axes become offset from each other, it is made possible to shorten the optical path length required for a final phase 
50 difference in variation of the power of light. 

[0071] Further still, by providing two former-stage single mode waveguides used as a former-stage mufti-mode re- 
gion, such that mode interference of the shorter wavelength is caused to occur first, it is made possible to make the 
optical demultiplexer more compact. 

[0072] Further still, by forming the first and secondmulti-mode regions such that their respective center axes become 
55 offset from each other, it is made possible to shorten the optical path length required for a final phase difference in 
variation of the power of light. 

[0073] Further still, In the multi-mode propagation portion having such an optical path length as to cause a difference 
between G t and ^ to be in the range of mn±7i/2 and having such a width as to vary along a direction of an optical axis 
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of the optical demultiplexer, mode interference of the shorter wavelength is caused to occur first, thereby making it 
possible to make the optical demultiplexer more compact. -» 
[0074] Further still, by providing two stages of multi-mode propagation portions, it is made possible to separate 
wavelengths with higher precision, thereby making it possible to enhance the extinction ratio. 

[0075] Further still, by providing the external electric field control section, it is made possible to dynamically change 
the refractive index, etc., of the multi-mode propagation portion, thereby making it possible to provide an optical de- 
multiplexer capable of dynamically controlling the extinction ratio. 

[0076] Further still, by providing the external electric field control section, it is made possible to provide a simply 
structured optical demultiplexer capable of dynamically control the extinction ratio. 

[0077] Further still, by providing the external temperature control section, it is made possible to dynamically change 
the refractive index, etc., of the multi-mode propagation portion, thereby making it possible to provide an optical de- 
multiplexer capable of dynamically controlling the extinction ratio. 

[0078] Further still, by providing the external temperature control section, it is made possible to provide a simply 
structured optical demultiplexer capable of dynamically controlling the extinction ratio. 

[0079] Further still, by using waveguides as input and output portions, it is made possible to provide a simply struc- 
tured optical demultiplexer. 

[0080] Further still, by integrally providing optical and electrical circuits as a unit, it is made possible to provide an 
optical device capable of performing an optical demultiplexing operation, while performing receiving/transmitting op- 
erations. 

[0081] Further still, by providing two stages of multi-mode propagation portions separating wavelengths which are 
offset from a center wavelength by a prescribed wavelength, it is made possible to provide an optical demultiplexer 
obtaining a higher extinction ratio. 

[0082] These and other objects, features, aspects and advantages of the present invention will become more" ap- 
parent from the following detailed description of the present invention when taken in conjunction with the accompanying 
drawings. 



BRIEF DESCRIPTION OF THE DRAWINGS 



[0083] 

30 

FIG. 1 is a diagram schematically illustrating the structure of an optica! demultiplexer 100a according to a first 
embodiment of the present invention; 

FIG. 2A illustrates a simulation result obtained by a beam propagation method (BPM) which shows how light of a 
wavelength of 1 .30 p.m is separated in the optical demultiplexer 100a illustrated in FIG. 1 ; 
35 FIG. 2B illustrates a BPM simulation result showing how light of a wavelength of 1 .55 pm is separated in the optical 

demultiplexer 100a illustrated in FIG. 1; 

FIG. 3A illustrates a BPM simulation result showing detailed distribution of the power of light of a wavelength 
propagating through a multi-mode waveguide 102a; 

FIG. 3B illustrates a BPM simulation result showing detailed distribution of the power of light of another wavelength 
40 propagating through the multi-mode waveguide 102a; 

FIG. 4 is a graph used for describing that a phase difference in movement between powers of light is set so as to 
become substantially an integral multiple of n; 

FIG. 5 is a graph illustrating a distribution of the power of light at output positions of the multi-mode waveguide 102a; 
FIG. 6 is a diagram schematically illustrating the structure of an optical demultiplexer 100b according to a third 
45 embodiment of the present invention; 

FIG. 7 is a diagram schematically illustrating the structure of an optical demultiplexer 100c according to a fourth 
embodiment of the present invention; 

FIG. 8 is a diagram schematically illustrating the structure of an optical demultiplexer 100d according to a fifth 
embodiment of the present invention; 
50 FIG. 9 is a diagram schematically illustrating the structure of the optical demultiplexer 101 d illustrated in FIG. 8 to 

which a dummy single-mode waveguide is connected; 

FIG. 10 is a diagram schematically illustrating the structure of an optical demultiplexer 1 0Oe according to a sixth 
embodiment of the present invention; 

FIG. 11 is a diagram schematically illustrating the structure of an optical demultiplexer 1 0Of according to a seventh 
55 embodiment of the present invention; 

FIG. 12 is a diagram schematically illustrating the structure of an optical demultiplexer 101f including n parallel 
single-mode waveguides 122 M through 122 f . n , instead of including a multi-mode waveguide 102f of the optical 
demultiplexer 100f according to the seventh embodiment; 
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FIG. 13 is a diagram schematically illustrating the structure of an optical demultiplexer 1 0Og according to an eighth 
embodiment of the present invention; « 
FIG. .14 is a diagram schematically illustrating the structure of an optical demultiplexer 101a in an exemplary case 
where a refractive index of a multi-mode propagation portion is changed by applying an electro-optic effect; 
5 FIG. 15 is a diagram schematically illustrating the structure of an optical demultiplexer 102a in an exemplary case 

where a refractive index of a multi-mode propagation portion is changed by applying a thermo-optic effect; 
FIG. 16 is a diagram schematically illustrating the structure of an optical multiplexer 200a according to a ninth 
embodiment of the present invention; 

FIG. 17 is a diagram schematically illustrating the structure of an optical multiplexer 200b according to a tenth 
10 embodiment of the present invention; 

FIG. 18 is a diagram schematically illustrating the structure of an optical multiplexer 200c according to an eleventh 
embodiment of the present invention; 

FIG. 19 is a diagram schematically illustrating the structure of an optical multiplexer 200f according to a twelfth 
embodiment of the present invention; 

FIG. 20 is a diagram schematically illustrating the structure of an optical multiplexer 201 f including a high-order 
multi-mode propagation portion 213f consisting of n single-mode waveguides 223f; 

FIG. 21 is a diagram schematically illustrating the structure of an optical multiplexer 210a in an exemplary case 
where a refractive index of a multi-mode propagation portion is changed by applying an electro-optic effect; 
FIG. 22 is ajiiagram schematically illustrating the structure of an optical multiplexer 202a in an exemplary case 
where a refractive index of a multi-mode propagation portion is changed by applying a thermo-optic effect; 
FIG. 23 is a diagram schematically illustrating the structure of a WDM gain adjuster 300a according to a thirteenth 
embodiment of the present invention; 

FIG. 24 is a diagram illustrating the structure of a WDM add/drop 300b according to a fourteenth embodimehfof 
the present invention; 

FIG. 25 is a diagram schematically illustrating a WDM transmitter/receiver module 300c according to a fifteenth 
embodiment of the present invention; 

FIG. 26 is a diagram schematically illustrating a WDM interleaver 300d according to a sixteenth embodiment of 
the present invention; 

FIG. 27 is a diagram schematically illustrating the structure of a WDM interleaver 300e according to a seventeenth 
30 embodiment of the present invention; 

FIG. 28 is a graph illustrating wavelength characteristics of a transmission/cut-off loss in a former-stage demulti- 
plexing portion; 

FIG. 29 is a graph illustrating wavelength characteristics of a transmission/cut-off loss in a latter-stage demulti- 
plexing portion; and 

FIG. 30 is a graph illustrating wavelength characteristics of a transmission/cut-off loss in the entire optical demul- 
tiplexer according to an eighteenth embodiment. 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS 
to [0084] Hereinafter, embodiments of the present invention will be described with reference to drawings. 
(First Embodiment) 



45 



50 



[0085] FIG. 1 is a diagram schematically illustrating the structure of an optical demultiplexer 1 00a according to a first 
embodiment of the present invention. Note that in FIG. 1 , waveguide modes (hereinafter, simply referred to as "modes") 
of light propagating through the waveguide are schematically illustrated such that the behavior of the propagating light 
is clearly understood. 

[0086] In FIG. 1 , modes at a wavelength of 1 . 30 ujti are indicated by bold curves, and modes at a wavelength of 
1 .55 iim are indicated bydottedcurves. In the figure, the orders of the modes are clearly distinguished by the shapes 
of the curves and labels. Note that the bold and dotted curves are not intended to specify exact modes at the positions 
on the waveguide where the curves are illustrated. Accordingly, in order to specify which curve indicates a mode at 
what position on the waveguide, positions of the modes are indicated by the labels. For example, in FIG. 1 , the label 
"1.30 ujti light input end zero-order mode" represents the zero-order mode light of a wavelength of 1. 30 ujti at the 
input end of a multi-mode waveguide 1 02a. Also, in other figures related to other embodiments, similar labels are added 
55 in order to provide similar indications, except if otherwise specified. 

[0087] In FIG. 1, the optical demultiplexer 100a includes: a single-mode input waveguide 101a; the multi-mode 
waveguide 1 02a; a first single-mode output waveguide 1 03a; a second single-mode output waveguide 1 04a; a substrate 
106a; and V-grooves 105a, 115a, and 125a formed in the substrate 106a. 
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[0088] In the case where a phase difference between zero- and first-order modes at a wavelength of 1 .30 urn is 0 1 
and a phase difference between zero- and first-order modes at a wavelength of 1 .55 um is 9 2> the^nulti-mode waveguide 
102a has such an optical path length as to cause a difference between 6-, and 0 2 to become substantially an integral 
multiple of tc. The term "optical path length" as used herein refers to the length of an optical path in a direction along 

5 which light propagates, e.g., the longitudinal length of the multi-mode waveguide 1 02a in FIG. 1 . The reason why the 
multi-mode waveguide 102a has such an optical path length as described above will be described later. 
[0089] The single-mode input waveguide 101a is optically connected to the input side of the multi-mode waveguide 
102a in such a position that the optical axis of the single-mode input waveguide 101a becomes offset from a center 
line 112a which indicates the optical axis of the multi-mode waveguide 102a. 

10 [0090] The first and second single-mode output waveguides 103a and 1 04a are provided on the substrate 106a in 
opposite positions with respect to the center line 1 1 2a of the multi-mode waveguide 1 02a, and optically connected to 
the output side of the multi-mode waveguide 102a. The first and second single-mode output waveguides 103a and 
1 04a are spaced apart from each other so as not to couple light of a wavelength of 1 .30 um to the second single-mode 
output waveguide 104a and so as not to couple light of a wavelength of 1. 55 jam to the first single-mode output 

15 waveguide 103a. 

[0091 ] The substrate 1 06a is provided for securing the single-mode input waveguide 1 01 a, the multi-mode waveguide 
102a, and the first and second single-mode output waveguides 103a and 104a. 

[0092] The V-groove 105a is formed in the substrate 106a in order to align and connect a single-mode input optical 
fiber 7 with the input end of the single-mode input waveguide 101. The V-groove 115a is formed in the substrate 106a 
20 in order to align and connect a first single-mode output optical fiber 8 with the output end of the first single-mode output 
waveguide 3. The V-groove 125a is formed in the substrate 1 06a in order to align and connect a second single-mode 
output optical fiber 9 with the output end of the second single-mode output waveguide 104a. 

[0093] In the following description, the terms "waveguide" and "optical fiber" refer to the "single-mode waveguide" 
and the "single-mode optical fiber", respectively, except if specified as the "multi-mode waveguide" or the "multi-mode 

25 optical fiber". Accordingly, hereinafter, the single-mode input waveguide 1 01a, the first single-mode output waveguide 
1 03a, the second single-mode output waveguide 1 04a, the single-mode input optical fiber 7, the first single-mode 
output optical fiber 8, and the second single-mode output optical fiber 9 are simply referred to as the "input waveguide 
101a", the "first output waveguide 103a", the "second output waveguide 104a", the "input optical fiber 7", the "first 
output optical fiber 8", and the "second output optical fiber 9", respectively. 

30 [0094] FIGs. 2A and 2B are simulation results obtained by a beam propagation method (BPM) which show how light 
of wavelengths of 1 .30 pm and 1 .55 ujti are separated in the optical demultiplexer 100a. The behavior of light in the 
optical demultiplexer 1 00a will be briefly described below with reference to FIGs. 1 , 2A, and 2B. 
[0095] The dimensions of the waveguides used in the BPM simulations of FIGs. 2A and 2B are as follows: multi- 
mode waveguide length Lm: about 6550 um; multi-mode waveguide width Wm: about 1 9.5 uxn; input waveguide axial 

35 offset x: about 5.7 um; output waveguide spacing: about 10 urn; waveguide cladding refractive index: about 1.500; 
core refractive index: about 1 .505. 

[0096] In FIG. 2A, the behavior of light of a wavelength of 1 .30 um is shown. Consider a case where single-mode 
light of a wavelength of 1 . 30 ujti enters from the input waveguide 1 01 a connected to the multi-mode waveguide 1 02a 
in such a position that the optical axis thereof becomes offset from the center line 112a. In the multi-mode waveguide 

40 102a illustrated in FIG. 2A, the light of a wavelength of 1.30 urn is divided into light under the zero- and first-order 
modescharacteristic of the multi-mode waveguide 102a. Due to modal dispersion between the zero- and first-order 
modes, i.e., mode interference resulted from a difference in propagation coefficients between the zero- and first-order 
modes, the light of a wavelength of 1 .30 um propagates through the multi-mode waveguide 102a in accordance with 
a specific propagation coefficient, such that the power of the light of a wavelength of 1 .30 u,m alternately moves up 

45 and down to the right in FIG. 2A. Thereafter, the light of a wavelength of 1.30 urn enters the first output waveguide 
1 03a and propagates therethrough. 

[0097] In FIG. 2B, the behavior of light of a wavelength of 1 .55 um is shown. Similar to the light of a wavelength of 
1 .30 urn, in the multi-mode waveguide 1 02a illustrated in FIG. 2B, light of a wavelength of 1 .55 um is divided into light 
under the zero-and first-order modes. Due to the modal dispersion, the light of a wavelength of 1 .55 um propagates 
50 through the multi-mode waveguide 102a, such that the power thereof alternately moves up and down to the right in 
FIG. 2B. Thereafter, the light of a wavelength of 1 .55 am enters the second output waveguide 104a and propagates 
therethrough. 

[0098] The propagation coefficients for the movement of the power of light differ between the wavelengths of 1 .30 
pm and 1 .55 pm due to chromatic dispersion resulted from modal dispersion of each wavelength, i.e., due to wavelength 
55 characteristics of propagation coefficients of all modes of wavelengths. Accordingly, in the case of an optical path 
length which causes the powers of light of wavelengths of 1 .30 jam and 1 .55 jjjti to move in opposite phases (i.e., the 
phase difference between the powers is substantially an integral multiple of it), the tight of wavelengths of 1 .30 um and 
1 .55 um is separated in the vertical direction and both the powers of the light of 1 .30 ujti and 1 .55 um become maximum 
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at an output end face of the multi-mode waveguide 102a. The length of the multi-mode waveguide 102a corresponds 
to the optical path length as described above, and therefore, as shown in FIGs. 2A and 2B, tfce light of wavelengths 
of 1 . 30 urn and 1 .55 ujti is separated in the vertical direction. 

[0099] Accordingly, in the case of the optical demultiplexer 1 00a, the optical path length of the multi-mode waveguide 
5 102a is determined such that the first output waveguide 103a, which guides light of a wavelength of 1 .30 ujti, and the 
second output waveguide 1 04a, which guides light of a wavelength of 1 .55 urn, are provided in the vicinity of the location 
at which light of wavelengths of 1 .30 urn and 1 .55 u.m is separated into light of a wavelength of 1 .30 ujti and light of a 
wavelength of 1 .55 ujti. As described later, the first and second waveguides 1 03a and 1 04a are connected to the output 
end of the multi-mode waveguide 102a at positions X 1 and X 2> respectively. By determining the optical path length of 
io the multi-mode waveguide 1 02a as described above, it is made possible to allow the optical demultiplexer 1 00a simply 
structured with the waveguides to separate the light of wavelengths of 1 .30 ujti and 1 .55 urn into light of a wavelength 
of 1 .30 um and light of a wavelength of 1 .55 ujti. 

[0100] Next, detailed description is provided as to how the optical length of the multi-mode waveguide 102a is de- 
termined. FIGs. 3A and 3B are diagrams representing BPM simulation results showing detailed distribution of the 
is powers of light of wavelengths of 1 . 30 um and 1 .55 ujti propagating through the multi-mode waveguide 102a. Specif- 
ically, in FIG. 3A, distribution of the power of light of a wavelength of 1.30 urn is shown, while in FIG. 3B, distribution 
of the power of light of a wavelength of 1 .55 ujti is shown. 

[0101] The dimensions of the waveguides used in the BPM simulations of FIGs. 3A and 3B are as follows: multi- 
mode waveguidejength Lm: about 10000 urn; multi-mode waveguide width Wm: about 1 9.5 ujti; input waveguide axial 

20 offset x: about 5. 7 um; first output waveguide axial offset p-,: about 4.6 um; second output waveguide axial offset p 2 : 
about 5.1 um; waveguide cladding refractive index: about 1 .500; core refractive index: about 1 .505. 
[0102] FIG. 4 is a graph used for describing that a phase difference in movement between powers of light is set so 
as to become substantially an integral multiple of n. Note that in order to study an optimum optical path length; the 
simulation results of FIGs. 3A and 3B are produced in the state where the length of the multi-mode waveguide 102a 

25 is set so as to be longer than an estimated optimum optical path length. Hereinbelow, referring to FIGs. 1 , 3 A and 3B, 
the description as to how the optical path length of the multi-mode waveguide 1 02a is determined is provided, following 
the detailed description of the mechanism of wavelength separation. 

[0103] As in the case shown in FIG. 1 , when single-mode light of wavelengths of 1 .30 pm and 1 .55 u.m is inputted 
from an input position of the multi-mode input end, i.e., the input waveguide 101a provided such that the optical axis 

30 thereof becomes offset from the center line 112a of the multi-mode waveguide 102a, the zero- and first-order modes 
at each wavelength interfere with each other, i.e., mode interference occurs between the zero- and first-order modes 
for each wavelength. Note that in Table 1 shown below, the input position is denoted by X. As shown in FIG. 3A, the 
power of light of a wavelength of 1 .30 urn propagating through the multi-mode waveguide 1 02a is caused by the mode 
interference to vary such that maximum and minimum values of the power of the light alternately appear on two straight 

35 lines, i.e., a first 1 .30 ftm light power variation line which passes a multi-mode waveguide output end point P 1a so as 
to be parallel to the center line 1 1 2a, and a second 1 .30 um light power variation line which passes point P Tb symmetric 
to P 1a with respect to the center line 112a so as to be parallel to the center line 112a. Moreover, the power of light 
varies across the two straight lines such that the maximum and minimum values are inversely-correlated with each 
other. Accordingly, the power of light of a wavelength of 1 . 30 um appears as if it propagates through the mutti-mode 

40 waveguide 102a while moving alternately on the two straight lines. 

[0104] Similar to the light of a wavelength of 1 . 30 um, as shown in FIG. 3B, the power of light of a wavelength of 1 . 
55 um propagating through the multi-mode waveguide 102a is caused by the mode interference to vary such that 
maximum and minimum values of the power of light alternately appear on two straight lines, i.e., a second 1. 55 um 
light power variation line which passes a multi-mode waveguide output end point P 2a so as to be parallel to the center 

45 line 112a, and a first 1.55 ujti light power variation line which passes point symmetric to Pgb with respect to the 
center line 112a so as to be parallel to the center line 112a. Moreover, the power of light varies across the two straight 
lines such that the maximum and minimum values are inversely-correlated with each other. Accordingly, the power of 
the light of a wavelength of 1 .55 |xm appears as if it propagates through the multi-mode waveguide 102a while moving 
alternately on the two straight lines. In this case, P 1a *P2b and p 2a* p ib- The reason forthis is that spreading distribution 

50 in the width direction of the multi-mode waveguide 1 02a differs between the wavelengths, and the longer wavelength 
spreads wider. 

[0105] In the case where a propagation coefficient of the zero-order mode at a wavelength of 1 .30 ujti is a 
propagation coefficient of the first-order mode at a wavelength of 1 .30 um is 0 i1f a propagation coefficient of the zero- 
order mode at a wavelength of 1 .55 um is pp, and a propagation coefficient of the first-order mode at a wavelength of 
55 1 . 55 ujti is 0j lf as is apparent from Table 1 shown below, mode addition conditions and mode cancellation conditions 
on the first variation lines are set such that phase differences between the modes (i.e., 0 1 =(p iO -p l1 )xL im and Q^= (0p- 
Pji) x *-jm) appear in a cycle corresponding to an integral multiple of n based on differences in propagation coefficients 
between the modes ((fto-fti) and (Pj 0 Pji)) 
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Table 1 : 



mode interference conditions of wavelengths (m: integer) 


wavelength 


propagation coefficient 


mode addition conditions of 
wavelengths on 1 st variations 
lines 


mode cancellation conditions 
of wavelengths on 1^ variation 
lines 


0-order mode 


1 st -order mode 




PiO 


P11 


(PiO"P»l) L im= 2m7 t 


(p i0 -p i1 )L jm =(2m+1)n 




Pp 




(PjO-Pjl) L jm= 2n ™ 


(P J o-Pji)L i m=(2m + 1)7 C 


Note that ^=1 .30 ujti, .55 ujti, and L jm and L Jm denote optical path lengths for ^ and X y 



[0106] In order to separate light of wavelengths of 1 .30 ujti and 1 . 55 jim, it is necessary to substantially satisfy a 
light power extremum inversion condition such that "extremums, i.e. , maximum values, of the powers of light of the 
wavelengths of 1 .30 u,m and 1 .. 55 uxn are inverted at the output end of the multi-mode waveguide 102a'\ 
[0107] Next, the optical path length of the multi-mode waveguide 102a is specifically calculated. An optical path 
length L, which satisfies the "light power extremum inversion condition", is obtained from the following Expression 1 , 
which is a system of simultaneous equations, and the following Expression 2. 



(p/0-p/1)L=2m7t 



25 (0yO-fi/1)L=(2m + 1)jE Expression 1 



30 



35 



40 



.45 



55 



• • * Expression 2, 

where the value of INTQ is an integer rounded toward zero. 

[0108] Accordingly, the optical path length L of the multi-mode waveguide 102a, which satisfies the "light power 
extremum inversion condition", is represented by the following Expression 3. 



T = 2 7T [1 0JO-$ji 1 

pjO-Pn L2 j3jO-/3 7i-(i3iO-/3ii)J 



Expression 3 



[0109] In the examples shown in FIGs. 3A and 3B, m=3. In accordance with the following Expression 4, the optical 
path length L (e.g., L 1 shown in FIGs. 3A and 3B) is obtained so as to effect the inversion of the phase difference 
between the extremums of the powers of light of the wavelengths of 1 .30 ujm and 1 .55 ujti, i.e., the phase difference 
becomes an integral multiple of tc. 

L =mW^mWi Expression 4 

[0110] In this case, at point P 1a on the first 1 .30 uin light power variation line, the power of the light of a wavelength 
of 1 .30 ujti is maximized, while the power of the light of a wavelength of 1 .55 urn is minimized. On the other hand, at 
point P 2a onthe second 1 .30 ujti light power variation line, the power of the light of a wavelength of 1.30ujti is minimized, 
while the power of the light of a wavelength of 1 .55 ^m is maximized. 

[011 1] As described above, in the case of the optical path length L, which satisfies the light powerextremum inversion 
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20 



25 



condition, components of light of wavelengths of 1. 30 fim and 1. 55 am are present on the first 1.30 jim light power 
variation line and the second 1.55u,m light power variation line, respectively. Accordingly, in tho^ase where the optical 
path length of the multi-mode waveguide is L, when X 1 =P la and X 2 = P 2a , «t is possible to separate the wavelengths 
1 .30 urn and 1 .55 u,m. 

5 [0112] As described above : in the first embodiment, in the case where a phase difference between the zero- and 
first-order modes at a wavelength of 1 .30 u,m is 9 1 and a phase difference between the zero- and first-order modes at 
a wavelength of 1 ,55 jim is 9 2 , the multi-mode waveguide 1 02a has such an optical path length as to cause a difference 
between 8-, and G 2 to become substantially an integral multiple of x. Further, the input waveguide is connected to the 
multi-mode waveguide 102a in such a position that the optical axis thereof becomes offset from the center line 112a 

io of the multi-mode waveguide 1 02a, and the first and second output waveguides 1 03a and 1 04a are provided in opposite 
positions with respect to the center line 1 02a. Thus, it is possible to separate light of wavelengths of 1 .30 u,m and 1 .55 
p,m. The optical demultiplexer according to the first embodiment is simply structured with the multi-mode optical 
waveguide, and therefore can be provided at low cost. 

[01 13] Further, the optical demultiplexer according to the first embodiment can achieve wavelength separation per- 
*5 formance similar to that achieved by a conventional demultiplexer. 

[0114] Furthermore, in the first embodiment, the extinction ratio can be enhanced by completely satisfying the light 
power extremum inversion condition, and therefore highly precise light separation can be realized. 
[0115] Note that the mode propagation coefficient 0 at each wavelength is determined by, for example, the shape 
and material refractive index of the multi-mode waveguide, and therefore by optimizing the shape and material refractive 
index of the multi-mode waveguide, it is possible to obtain the optical wave length L which satisfies the light power 
extremum inversion condition. ' 

[01 16] For example, the shape of the multi-mode waveguide can be optimized by optimizing lengths of three sides 
of a rectangular solid along an optical axis or optimizing a distance between opposed side faces in directions toward 
which light is separated, so as to change along the optical axis". 

[0117] The material refractive index of the multi-mode waveguide can be optimized by, for example, using a material 
having optimum chromatic dispersion of the refractive index or using a material having an optimum refractive index 
profile. 

[01 18] In the case of using a material having large chromatic dispersion of the material refractive index, a difference 
between propagation coefficients of wavelengths becomes large, and therefore it is possible to realize a shorter optical 
30 path length L. 

[0119] In the first embodiment, length L 2 or L 3 shown in FIG. 3A and 3B, which does not satisfy the light power 
extremum inversion condition, may be set as the optical path length since the length L 2 is in the neighborhood of the 
length L t , which cause the phase difference between maximum powers of light to be an integral multiple of n, and the 
length L3 causes the phase difference between maximum powers of light to be in the neighborhood of an integral 
multiple of tc. As can be seen from FIG. 4, the length L 2 is in the neighborhood range of the length L 1 , which corresponds 
to the range where the power of light becomes half the maximum power (e. g. , decrements of 3dB from the maximum 
power) and also corresponds to the range of a phase difference between maximum powers of light with ±ti/2, i.e., the 
range of rrm±7i/2, where m is a natural integer. The neighborhood range of the length L 3 also corresponds to the range 
where the power of light becomes half the maximum power (e. g. , decrements of 3dB fromthemaxim urn power) , i.e., 
40 the range of rra±n/2. 

[0120] Note that even when the light power extremum inversion condition is not completely satisfied, a satisfactory 
extinction ratio can be obtained if the multi-mode waveguide has such an optical path length as to cause the power of 
light of at least one wavelength to be maximized or minimized at each output end. 

[0121] For clarification, although the first embodiment has been described with respect to the case where the max- 
4 5 imum order mode is the first-order mode : modes of higher orders, such as a second-order mode and a third-order 
mode, are actually present. Accordingly, the actual variation of modes is complicated. In principle, the chromatic dis- 
persion occurs along with modal dispersion of each wavelength, and therefore by determining the shape of the multi- 
mode waveguide such that a phase difference in movement between powers of light caused by the modal dispersion 
of each wavelength becomes substantially an integral multiple of n, it is made possible to maximize the powers of light 
50 of desired wavelengths in their respective output positions. 

(Second Embodiment) 

[0122] An optical demultiplexer according to a second embodiment of the present invention has a structure similar 
55 to that of the optical demultiplexer according to the first embodiment, and therefore is described with reference to FIG. 
1 The first embodiment has been described mainly with respect to how the optical path length of the multi-mode 
waveguide 102a is determined. In the second embodiment, there is proposed an optical demultiplexer capable of 
cutting off an unnecessary wavelength and obtaining only a desired wavelength in the case where the mufti-mode 
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waveguide 1 02a has an optical path length determined in a manner as described in the first embodiment. Accordingly, 
the second embodiment will be described with respect to positions on the output end face of thejjiulti-mode waveguide 
1 02a at which the first and second output waveguides 1 03a and 1 04a are connected to the multi-mode waveguide 1 02a. 
[0123] FIG. 5 is a graph illustrating distribution of the power of light at output positions of the multi-mode waveguide 

5 1 02a. In FIG. 5, output positions corresponding to the output positions indicated in FIGs. 3A and 3B are denoted by 
the same reference characters. The output positions indicated in FIG. 5 are present on the output end face of the multi- 
mode waveguide 1 02a. As can be seen from FIG. 5, extremums of a longer wavelength of t .55 u.m are located farther 
away from the vertical axis as compared to extremums of a shorter wavelength of 1.33 u.m. In the case where only 
transmission loss is considered, as described above, it is adequate to connect the first and second output waveguides 

io 103a and 104a to the multi-mode waveguide 102a at points P 1a and P 2a , respectively. However, a wavelength to be 
cut off is not minimized at each of the points P 1a and P 2a , and therefore wavelengths other than desired wavelengths 
are output. In such a case, the extinction ratio becomes less than or equal to 30dB, and therefore is not satisfactory. 
[0124] In the optical demultiplexer according to the second embodiment, accordingly, the first output waveguide is 
connected at a point Q 2a , where the power of light of a wavelength of 1 .55 jxm is minimized, and the second output 

15 waveguide is connected at a point Q 1a , where the power of light of a wavelength of 1 .30 ujn is minimized. This allows 
the decreasing ratio of the power of the light of a wavelength of 1 . 55 urn to become large at the connecting end of the 
first output waveguide as compared to the decreasing ratio of the power of the light of a wavelength of 1 .30 jam. 
Therefore, it is possible to obtain an optimum extinction ratio of 30dB or more, while keeping the transmission loss 
less than or equal to 1 dB. Similarly, the decreasing ratio of the power of the light of a wavelength of 1 .30 \im to become 

^0 large at the connecting end of the second output waveguide as compared to the decreasing ratio of the power of the 
light of a wavelength of 1 .55 urn. Therefore, it is possible to obtain an optimum extinction ratio of 30dB or more, while 
keeping the transmission loss less than or equal to 1dB. In accordance with Expression 5 below, the extinction ratio 
is obtained as a value corresponding to ten times the natural logarithm of the quotient obtained by dividing the power 
of light of a desired wavelength to be outputted, by the power of light of a wavelength to be cut off. In the case of 

25 defining the extinction ratio in accordance with Expression 5 below, the extinction ratio becomes equal to or more than 
30dB at the position on the output end face of the multi-mode waveguide 1 02a where the maximum possible extinction 
ratio can be obtained. 



30 



35 



EXTINCTION RATIO = 10 log 



POWER OF LIGHT OF 
DESIRED WAVELENGTH 



POWER OF LIGHT OF 
t WAVELENGTH TO BE CUT OFF ) 



• * • Expression 5 



40 [0125] Thus, the second embodiment provides an optical demultiplexer which demultiplexes light of a desired wave- 
length to be outputted, by connecting output waveguides from which desired wavelengths are outputted to the multi- 
mode waveguide at positions where a wavelength to be cut off is minimized, i.e., at positions where the extinction ratio 
is maximized. 

[0126] For example, as shown in (1) of Table 2 below, when the output waveguide from which light of a desired 
45 wavelength is outputted is provided at a position where a wavelength to be cut off is minimized, the extinction ratio 
becomes equal to or more than 50dB. On the other hand, when the output waveguide is provided at a position where 
the light of a desired wavelength to be outputted is maximized, the extinction ratio becomes about 25dB. Thus, when 
the output waveguide from which the light of a desired wavelength to be outputted is provided at the position where 
the wavelength to be cut off is minimized, the extinction ratio is significantly enhanced, and therefore it is possible to 
so provide an optical demultiplexer which demultiplexes only light of a desired wavelength to be outputted. 
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Table 2: 



relationships between extinction ratio and connecting positions (X, X 1t and X 2 ) of input/output waveguides 



input/output 
waveguide 
arrangement [pm] 


output 


loss [dB] underlined: transmission loss 
un lined: cut-off loss 


extinction ratio [dB] 


1 .30 pm wavelength 


1 .55 jim wavelength 


(1) minimum 
arrangement x=5.7, 

.. x 2 =5.1(X 2 =Q 2a ) 


X1 


0.80 


58.30 


57.50 


X2 


55.54 


0. 65 


54.89 


(2) maximum 
arrangement x=5.7, 
X1 =5.1 (X 1= P 1a ), 
x 2 =4.6(X2-P 2a ) 


X1 


0.68 


28.09 


27.41 


X2 


25.75 


0.56 


25.19 


^o; ouipui mirror 
symmetric- 
arrangement 
x=x 3 =x 4 =5.7 


V«l 

XI 


1.04 


13.67 


12.63 




14.26 


0.75 


13.51 


(4) output mirror 
symmetric 
arrangement 
x=x 3 =x 4 =Wm/ 
4=4.875 


X1 


0.60 


22.10 


21.49 ------- 


X2 


29.33 


0.40 


28.93 


(5) output mirror 
symmetric 
! arrangement 
x=x 3 =x 4 =W/3=6.5 


X1 


1.87 


9.10 


7.23 


X2 


10.09 


1.55 


8.54 


(6) output mirror 
symmetric 
arrangement 
x=x 3 =x 4 =W/6=3.25 


X1 


3.03 


4.36 


1.33 


X2 


4.96 


2.92 


2.04 



Note: multi-mode waveguide shape: Wm=1 9, 5 pm, Lm=6550 pm; X: input waveguide connecting position; X1 : 
first output waveguide connecting position; X2: second output waveguide connecting position; P 1a : maximum point 
of 1 .30 pm; Q 1a : minimum point of 1 .30 pm; P 2a : maximum point of 1 .55 pm; Q 2a : minimum point of 1 .55 pm. 



[0127] In Table 2, small letter "x" denotes a distance of offset between the input waveguide and the center axis of 
the multi-mode waveguide; M x 1 M denotes a distance of offset between the first output waveguide and the center axis of 
the multi-mode waveguide; and w x 2 " denotes a distance of offset between the second output waveguide and the center 
axis of the multi-mode waveguide. In table 2, the term "transmission loss" refers to a loss of a desired wavelength to 
be outputted, and the term "cut-off loss" refers to a loss of a wavelength to be cut off. 

[0128] Note that in addition to connecting the output waveguides to the multi-mode waveguide at maximum or min- 
imum points on the output ends thereof where the power of the wavelength to be cut off is maximized or minimized, 
the distances of offset between the center axis and the input and output waveguides are also equalized by providing 
the output waveguides mirror-symmetrically with respect to the center axis of the multi-mode waveguide. In the case 
of providing the output waveguides mirror-symmetrically, however, as is appreciated from (3) through (6) of Table 2, a 
satisfactory extinction ratio cannot be obtained unless a maximum or minimum point of each wavelength is selected 
in consideration of the distribution of the power of light of each wavelength on the output ends. 

[0129] As can be seen from Table 2, variations of the transmission loss are slight, and thus it is understood that the 
second embodiment provides an optimum structure in which the output waveguides are connected to the multi-mode 
waveguide at minimum points of wavelengths to be cut off where the cut-off loss of the wavelengths, which regulates 
the extinction ratio, is maximized. 

[0130] As described above, it is effective to provide the output waveguides at positions where the extinction ratio is 
maximized, in particular, when the multi-mode waveguide has a refractive index of 2.0 or less : or a width of 15 pm or 
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more. In the case of using a multi-mode waveguide formed of a semiconductor material having a refractive index 
greater than 2.0, the entire demultiplexer itself is required to become significantly compact, an^therefore the width of 
the multi-mode waveguide is required to become about 5 p.m to 12.6 nm. Thus, the width of the fundamental mode of 
each wavelength becomes small. Accordingly, in the case of the distribution of the power of light when the refractive 

5 index is greater than 2.0, in each output position, a point at which the power of light of a desired wavelength to be 
outputted is maximized (hereinafter, such a point is referred to as the "maximum light power point") is in proximity to 
a point at which the power of light of a wavelength to be cut off is minimized (hereinafter, such a point is referred to as 
the "minimum light power point"), and therefore a satisfactory extinction ratio can be obtained at the maximum light 
power point of the desired wavelength. On the other hand, in the case of using a multi-mode waveguide formed of a 

10 semiconductor material having a refractive index of 2.0 or less, the entire demultiplexer itself is required to become 
relatively large, and therefore the width of the multi-mode waveguide is required to become about 1 5 u.m or more. As 
a result, the maximum light power point of the desired wavelength is made apart from the minimum light power point 
of the wavelength to be cut off. In this case, by selecting the minimum light power point of the wavelength to be cut 
off, it is made possible to output light from the position at which a satisfactory extinction ratio is obtained. 

15 

(Third Embodiment) 

[01 31 J FIG. 6 is a diagram schematically illustrating the structure of an optical demultiplexer 100b according to a 
third embodiment of the present invention. In FIG. 6, elements having similar functions to those of the optical demul- 
20 tiplexer 100a according to the first embodiment are denoted by the same reference numerals, and the descriptions 
thereof are omitted. 

[0132] In FIG. 6, the optical demultiplexer 100b includes: an input waveguide 101a; a multi-mode waveguide 102b 
(which includes optical paths having different lengths) ; a first output waveguide 103a; a second output waveguide 
104a; a substrate 106b for securing the above waveguides; and V-grooves 1 05a, 115a and 125a. 

25 [0133] The multi-mode waveguide 1 02b includes a first optical path length portion 112b having a rectangular solid- 
like shape, and a second optical path length portion 1 22b having a rectangular solid-like shape. The optical path length 
of the first optical path length portion 112b is longer than that of the second optical path length portion 122b. 
[0134] In the case where a phase difference between zero- and first-order modes at a wavelength of 1 .30 p.m is 0 1 
and a phase difference between zero- and first -order modes at a wavelength of 1 .55 pm is 8 2 , the first optical path 

30 length portion 1 1 2b has such an optical path length as to cause a difference between B A and 0 2 to become substantially 
an integral multiple of n. The first optical path length portion 112b outputs light of a wavelength of 1 .30 u.m from the 
output end thereof. 

[0135] Similar to the first optical path length portion 112b, the second optical path length portion 122b has such an 
optical path length as to cause a difference between 0 1 and G 2 to become substantially an integral multiple of 7t. The 

35 second optical path length portion 122b outputs light of a wavelength of 1 .55 fim from the output end thereof. 

[0136] Similar to the first embodiment, the input waveguide 1 01 a is provided in such a position that the optical axis 
thereof becomes offset from a center line 132b of the multi-mode waveguide 102b. Light of wavelengths of 1 .30 jim 
and 1.55 p.m inputted from the input waveguide 101a propagates through the multi-mode waveguide 102b, while the 
powers of the light of wavelengths of 1 .30 u,m and 1 .55 jim vary in accordance with different propagation coefficients. 

40 [0137] In the optical demultiplexer 1 00a according to the first embodiment, an output end from which light of a wave- 
length of 1 .30 |xm is outputted and an output end from which light of a wavelength of 1 .55 urn is outputted are formed 
on the same output end face of the multi-mode waveguide 1 02a, resulting in a long optical length of 5000 \im or more. 
[01 38] On the other hand, in the optical demultiplexer 1 00b according to the third embodiment, the output ends from 
which light of wavelengths of 1 .30 ujti and 1 .55 u.m is outputted are not formed on the same output end face of the 

45 multi-mode waveguide 102b. The multi-mode waveguide 102b is provided so as to have two different optical path 
lengths such that the powers of light of wavelengths of 1.30 u,m and 1 .55 jim move in opposite phases. Specifically, 
the output end from which the light of a wavelength of 1 .30 |xm is outputted is provided at such a position as to set an 
optical path length such that the power of the light of a wavelength of 1 .30 u,m is maximized in an upper part of the 
multi-mode waveguide 102b (i.e., the first optical path length portion 112b), while the output end from which the light 

so of a wavelength of 1 .55 p.m is outputted is provided at such a position as to set another optical path length such that 
the power of the light of a wavelength of 1 .55 p.m is maximized in a lower part of the multi-mode waveguide 1 02b (i. 
e., the second optical path length portion 122b). 

[0139] Unlike the first embodiment, light at each wavelength is not necessarily outputted from the same output face, 
and therefore it is possible to provide the multi-mode waveguide 102b so as to have optical path lengths of 5000 um 
55 or less, thereby making it possible to provide a compact optical demultiplexer. 

[0140] In the third embodiment, the multi-mode waveguide 102b is provided such that the power of light of a wave- 
length of 1 .30 um is maximized in the first optical path length portion 112b provided in the upper part of the multi-mode 
waveguide 102b, and the power of light of a wavelength of 1.55 u.m is maximized in the second optical path length 



18 



JNSDOCtD: <EP 1 426799 A2_l_> 



EP 1 426 799 A2 



15 



25 



portion 122b provided in the lower part of the mufti-mode-waveguide 102b. However, the same effect can be achieved 
even if the positions of the first and second optical path length portions 112b and 122b are reversed. 
[0141] Further, in the third embodiment, as in the case of the second embodiment, the output waveguides may be 
provided in positions where a wavelength to be cut off is maximized, i.e., positions where the extinction ratio is maxi- 
5 mized. 

(Fourth Embodiment) 

[0142] FIG. 7 is a diagram schematically illustrating the structure of an optical demultiplexer 100c according to a 
10 fourth embodiment of the present invention. In FIG. 7, elements having similar functions to those of the optical demul- 
tiplexer 100a shown in FIG. 1 are denoted by the same reference numerals, and the descriptions thereof are omitted. 
[0143] In FIG. 7, the optical demultiplexer 100c includes: an input waveguide 101a; a multi-mode waveguide 102c 
(which includes a plurality of stages); a first output waveguide 103a; a second output waveguide 104a; a substrate 
1 06b for securing the above waveguides; and V-grooves 1 05a, 1 1 5a and 1 25a. 

[0144] The multi-mode waveguide 102c includes a first multi-mode region 112c and a second multi-mode region 
122c. A center line 132c of the first multi-mode region 112c is offset from a center line 142c of the second multi-mode 
region 122c. 

[0145] In the first multi-mode region 11 2c, zero- and first-order modes are normal modes of light of a wavelength of 
1 .30 urn, and thezero-order mode is the normal mode of light of a wavelength of 1 .55 p.m. In the first multi-mode region 
20 1 22c, light of wavelengths of 1 . 30 p.m and 1 . 55 p.m can be normally present under zero- and first-order modes. 

[0146] The entire length of the multi-mode waveguide 1 02c is determined such that, with respect to lateral movement 
of the power of light due to modal dispersion between zero- and first-order modes, a phase difference between wave- 
lengths of 1 .30 ujn and 1 .55 um becomes substantially an integral multiple of 7t. - — - 
[0147] The width of the waveguide required for generating a higher mode increases/decreases with the length of a 
wavelength, and therefore the first multi-mode region 1 1 2c through which light of 1 . 30 u.m propagates is narrower than 
the second multi-mode region 122c through which light of 1 .55 ujti propagates. In the case of separating wavelengths 
based on mode interference, multi-mode light at each wavelength is required at the output end of the multi-mode 
waveguide. In order to cause multi-mode light of a plurality of wavelengths to be generated in different positions; it is 
effective to broaden the width of the multi-mode waveguide 1 02c in a light propagation direction. 
30 [0148] Next, the behavior of light in the optical demultiplexer 100c according to the fourth embodiment will be de- 
scribed. Consider a case where single-mode light of a wavelength of 1 .30 u.m enters from the input waveguide 1 01a 
connected to the multi-mode waveguide 102c in such a position that the optical axis thereof becomes offset from the 
center line 132c of the narrower first multi-mode region 112c. In the first multi-mode region 102c, the light of a wave- 
length of 1 .30 |xm is divided into light under the zero- and first-order modes characteristic of the first multi-mode region 
1 12c. The light of a wavelength of 1 .30 u.m propagates through the first multi-mode region 1 1 2c, accompanied by lateral 
movement of the power of light due to modal dispersion between the zero- and first-order modes. 
[0149] On the other hand, in the first multi-mode region 112c, the light of a wavelength of 1.55 pm is present only 
under the zero-order mode, and therefore no modal dispersion is caused. Consequently, the light of a wavelength of 
1 .55 urn propagates through the first multi-mode region 112c without being accompanied by the lateral movement of 
the power of light. As a result, at the output end of the first multi-mode region 112c, there occurs a phase difference (j> 
in movement between the powers of light of wavelengths of 1 .30 urn and 1 .55 ujti. 

[0150] Next, consider a case where light of a wavelength of 1 . 30 urn under the zero- and first-order modes enters 
from the input waveguide 101a connected to the multi-mode waveguide 102c in such a position that the optical axis 
thereof becomes offset from the center line 142c of the wider second multi-mode region 122c. In the second multi- 
mode region 1 22c, the light of a wavelength of 1 . 30 u.m under the zero- and first-order modes is divided into light under 
the zero- and first-order modes characteristic of the second multi-mode region 122c. In accordance with a propagation 
coefficient different from the propagation coefficient of the first multi-mode region 112c, the light of a wavelength of 
1 .30 urn propagates through the second multi-mode region 122c, accompanied by lateral movement of the power of 
light due to modal dispersion between the zero- and first-order modes. 
5° [0151] Next, consider a case where light of a wavelength of 1 . 55 am under the zero-order mode enters from the 
input waveguide 101a connected to the multi-mode waveguide 102c in such a position that the optical axis thereof 
becomes offset from the center line 1 42c of the wider second multi-mode region 1 22c. In the second multi-mode region 
122c, the light of a wavelength of 1. 55 u,m under the zero-order mode is divided into light under the zero- and first- 
order modes characteristic of the second multi-mode region 122c. The light of a wavelength of 1 .55 \xm propagates 
through the second multi-mode region 122c, accompanied by lateral movement of the power of light due to modal 
dispersion between the zero-and first-order modes. There is a phase difference $ in movement between the powers 
of light of wavelengths of 1.30 jim and 1 .55 ujti in the first multi-mode region 112c 5 and therefore, in the second multi- 
mode region 122c, only a phase difference of n-4> is required between the light of wavelengths of 1 .30 pjn and 1 .55 pm. 
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[0152] In this manner, the phase difference in movement between powers of light of wavelengths of 1.30 |xm and 
1 .55 u.m is determined by only the modal dispersion at a wavelength of 1 .30 u.m in the first nawlti-mode region 112c, 
and is determined by chromatic dispersion resulted from the modal dispersion (i.e., a difference between the modai 
dispersion) between the wavelengths of 1 .30 p.m and 1 . 55 u.m. Accordingly, the phase difference in movement between 

5 the powers of light in the first multi-mode region 112c is greater than the phase difference in movement between the 
powers of light in the secondmulti-mode region 122c. In the optica! demultiplexer 100c according to the fourth embod- 
iment, a large phase difference is obtained in the first multi-mode region 112c, and therefore it is possible to shorten 
the entire length of the multi-mode waveguide 1 02c. As a result, it is possible to provide a compact optical demultiplexer 
as compared to the optical demultiplexer 1 00a according to the first embodiment. 

10 [0153] Further, by narrowing the first multi-mode region 112c as compared to the second multi-mode region 122c, 
a larger phase difference can be obtained in the second multi-mode region 112c. 

[0154] Note that in addition to changing the width of each of the f irst and secondmulti-mode regions 1 1 2c and 122c, 
a propagation characteristic of the multi-mode waveguide 1 02c can also be altered by changing the width of the multi- 
mode waveguide 102c itself so as to become gradually broader in a direction from the input side toward the output 
15 side, resulting in a greater phase difference in variations of a shorter wavelength. 

[0155] in the fourth embodiment, similar to the second embodiment, the output waveguide may be provided in such 
a position that a loss of a wavelength to be cut off is maximized, i.e., the extinction ratio is maximized. 

(Fifth Embodiment) 

20 

[01 56] FIG. 8 is a diagram schematically illustrating the structure of an optical demultiplexer 1 0Od according to a fifth 
embodiment of the present invention. In FIG. 8, elements having similar functions to those of the optical demultiplexer 
1 00a shown in FIG. 1 are denoted by the same reference numerals, and the descriptions thereof are omitted. ^ - ^- 
[0157] The optical demultiplexer 1 0Od includes a multi-mode propagation portion.whichisa single-mode waveguide, 
25 and achieves an effect similar to that achieved by the optical demultiplexer 100a according to the first embodiment. 
Specifically, the optical demultiplexer 1 0Od includes: an input waveguide 1 01 a; a multi-mode propagation portion 1 02d; 
a first output waveguide 1 03a; a second output waveguide 1 04a; a substrate 1 06d for securing the above waveguides; 
and V-grooves 105a, 115a and 125a. 

[01 58] The multi-mode propagation portion 1 02d includes a first single-mode waveguide 1 1 2d and a second single- 

30 mode waveguide 122d. 

[01 59] The first and second single-mode waveguides 1 1 2d and 1 22d are arranged in parallel with respect to a center 
line 132d of the multi-mode propagation portion 102d, such that a space between the first and second single-mode 
waveguides 11 2d and 122d becomes 20 urn or less. With such an arrangement, light of wavelengths of 1 .30 p.m and 
1 .55 urn can be present under the zero-and first-order modes in the multi-mode propagation section 1 02d. In the case 

35 where a phase difference between the zero- and first-order modes at a wavelength of 1 .30 ujti is to, and a phase 
difference between the zero- and first-order modes at a wavelength of 1 . 55 ujti is G 2 , the multi-mode propagation 
portion 102d has such an optical path length as to cause a difference between and e 2 to become an integral multiple 
of n. 

[0160] The input end of the first single-mode wave guide 11 2d is optically coupled to the output end of the input 
40 waveguide 1 01 a. The output end of the first single-mode waveguide 1 1 2d is optically coupled to the input end of the 
first output waveguide 103a. The input end of the second single-mode wave guide 112d is an open end. The output 
end of the second single-mode waveguide 1 22d is optically coupled to the input end of the second output waveguide 
104a. 

[0161] In this manner, in the fifth embodiment, the multi-mode propagation portion 102d is provided by arranging 
45 two single-mode waveguides in parallel with each other at such a distance as to enable mode coupling. By arranging 
the two single-mode waveguides inparallel, mode interference occursin the multi-mode propagation portion 102d, 
therebycausingmodaldispersion. As a result, light of wavelengths of 1.30 jim and 1.55 urn propagates through the 
multi-mode propagation portion 102d, such that the powers of the light alternately moves on the first and second single- 
mode waveguides 1 1 2d and 1 22d. In consideration of chromatic dispersion resulted from the movements of the powers 
50 of light, the multi-mode propagation portion 102d is provided so as to have an optical length such that the maximum 
light power positions of light of wavelengths of 1 .30 ujti and 1 .55 \im are present on the first and second single-mode 
waveguides 112d and 122d, respectively. In this case, when the light of wavelengths of 1 .30 fim and 1 .55 \im is guided 
by the first and second output waveguides 1 03a and 104a to such a distance that mode coupling does not occur, the 
light of wavelengths of 1 .30 ^m and 1 .55 jim can be separated. 
55 [0162] Note that a dummy single-mode waveguide may be connected to the multi-mode propagation portion 1 02d 
at such a distance that mode coupling does not occur between the input waveguide 1 01 a and the dummy single-mode 
waveguide. FIG. 9 is a diagram schematically illustrating the structure of the optical demultiplexer 1 01d to which a 
dummy single-mode waveguide 111d is connected. As shown in FIG. 9, the dummy single-mode waveguide 111d is 
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distanced from the input waveguide 101a so as not to cause mode coupling between the dummy single-mode 
waveguide 111d and the input waveguide 101a. — 
[0163] In the fifth embodiment, similar to the second embodiment, the output waveguide may be provided in such a 
position that a loss of a wavelength to be cut off is maximized, i.e., the extinction ratio is maximized. 



(Sixth Embodiment) 

[0164] FIG. 10 is a diagram schematically illustrating the structure of an optical demultiplexer 100e according to a 
sixth embodiment of the present invention. In FIG. 1 0, elements having similar functions to those of the optical demul- 

10 tiplexer 1 00a shown in FIG. 1 are denoted by the same reference numerals, and the descriptions thereof are omitted, 
[0165] In FIG. 10, the optical demultiplexer 100e includes: an input waveguide 101a; a multi-mode propagation por- 
tion 102e having a plurality of stages; a first output waveguide 103a; a second output waveguide 104a; a substrate 
106efor securing the above waveguides; and V-grooves 105a, 115a, and 125a. The multi-mode propagation portion 
1 02e includes a first multi-mode region 152e and a second multi-mode propagation portion 162e. The first multi-mode 

'5 region 152e includes a first single-mode region 11 2e and a second single-mode waveguide 122e. The second multi- 
mode region 162e includes a third single-mode region 132e and a fourth single-mode waveguide 142e. 
[0166] The first and second single-mode waveguides 112e and 122e included in the first multi-mode region 152e 
are arranged in parallel with each other at the input side of the multi-mode propagation portion 1 02e, and are spaced 
apart from each other by a distance of less than 20 urn. In a strict sense, the second single-mode waveguide 122e is 

20 not entirely parallel with the second single-mode waveguide 122e since an output side portion thereof is curved so as 
to connect to the fourth single-mode waveguide 142e. 

[0167] The third and fourth single-mode waveguides 132e and 142e included in the second multi-mode region 162e 
are arranged in parallel with each other, and are spaced apart from each other by a distance less than or equal to 120 
jj.m and longer than the distance between the first and second single-mode waveguides 112e and 122e. In a strict 

25 sense, the fourth single-mode waveguide 142e is not entirely parallel with the third single-mode waveguide 132e since 
an input side portion thereof is curved so as to connect to the second single-mode waveguide 122e. 
' [0168] The first and third single-mode waveguides 1 12e and 132e are optically and lineally coupled to each other at 
one end thereof. The second and fourth single-mode waveguides 122e and 142e are optically and smoothly coupled 
to each other at one end thereof. The other end of the second single mode waveguide 122e is an open end. 

30 [0169] The input end of the first single-mode wave guide 112e is optically and linearly coupled to the output end of 
the input waveguide 101a. The output end of the third single-mode waveguide 132e is optically coupled to the input 
.end of the first output waveguide 1 03a. The output end of the fourth single-mode wave guide 142e is optically coupled 
to the input end of the second output waveguide 1 04a. 

[0170] The optical path length of the multi-mode propagation portion 102e is set such that, with respect to lateral 
35 movement of the power of light due to modal dispersion between zero- and first-order modes, a phase difference 
between wavelengths of 1 .30 ujti and 1 .55 ujti becomes substantially an integral multiple of n. 

[0171] In the multi-mode propagation portion 1 02e having a plurality of stages consisting of two parallel single-mode 
waveguides, modal dispersion of each wavelength is determined by the distance between the parallel single-mode 
waveguides. In the sixth embodiment, a large phase difference between the powers of light of a wavelength of 1 .30 
ujti is obtained in the first multi-mode region 152e, and therefore it is possible to shorten the entire optical path length 
otthe second multi-mode waveguide 162e. As a result, it is possible to shorten the entire length of the multi-mode 
propagation portion 102e, whereby it is possible to provide a compact optical demultiplexer. 

[0172] In the sixth embodiment, similar to the second embodiment, the output waveguide may be provided in such 
a position that a loss of a wavelength to be cut off is maximized, i.e., the extinction ratio is maximized. 

45 

(Seventh Embodiment) 



[0173] FIG. 11 is a diagram schematically illustrating the structure of an optical demultiplexer 100f according to a 
seventh embodiment of the present invention. In FIG. 11, elements having similar functions to those of the optical 
demultiplexer 100a shown in FIG. 1 are denoted by the same reference numerals, and the descriptions thereof are 
omitted. 

[0174] In FIG. 11, the optical demultiplexer 100f includes: an input waveguide 101a; a multi-mode waveguide 102f; 
first through nth output waveguides 103 M through 103 ( . n ; a substrate 106f for securing the above waveguides; and 
V-grooves 1 05a and 1 05 M through 105 f . n formed in the substrate 1 06f. In FIG. 11 , for simplicity of illustration, the first 
through nth output waveguides 103 M through 103,_ n and the V-grooves 105 M through 105^ are not shown in their 
entirety. 

[0175] In the multi-mode waveguide 102f, light under n types of multi-modes (zero- to n-V th-order modes, where n 
is an integer) at wavelengths through propagates therethrough. In the case where k=1 ,2 n-1 , when a phase 
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difference between ith-order (i=0, 1 , k-2) and i+t th-order modes at a k'th wavelength is 0 k and a phase difference 
between i'th-order and i+Vth-order modes at a k+1' th wavelength is 0 k+1 , the multi-mod* waveguide 102f has 
such an optical path length as to cause a difference between 0 k and G k+1 io become substantially an integral multiple of n. 
[0176] The input waveguide 101a is optically coupled to the input side of the multi-mode waveguide 102f in such a 
5 position that the optical axis of the input waveguide 101a becomes offset from a center line 112f of the multi-mode 
waveguide 1 02f . The output waveguides 1 03 M through 1 03 f . n are optically coupled to the output side of the multi-mode 
waveguide 102f at different positions. 

[0177] Next, the behavior of light in the optical demultiplexer 1 0Of will be described. Consider a case where single- 
mode light of a k'th wavelength A* enters from the input waveguide 101a. In the multi-mode waveguide 102f, the light 

10 of the k'th wavelength A^ is divided into light under the zero- to n-1 th-order modes characteristic of the multi-mode 
waveguide 102f. Due to modal dispersion among the zero- to n-1 th-order modes, the light of the k* th wavelength A^ 
propagates through the multi-mode waveguide 1 02f , such that the power of the light moves sequentially on n parallel 
straight lines in accordance with a certain propagation coefficient. Note that the n parallel straight lines pass a con- 
necting position of the k'th output waveguide 1 03f_ k to the multi-mode waveguide 1 02f . 

15 [0178] In the multi-mode waveguide 1 02f, Similar to the light of the kth wavelength A*, the light of the k+1 In wave- 
length X k+1 is divided into light under the zero- to n-1 'th-order modes characteristic of the multi-mode waveguide 1 02f . 
Due to modal dispersion among the zero- to n-1 'th-order modes, the light of the k+1'th wavelength A, k+1 propagates 
through the multi-mode waveguide 102f, such that the power of the light moves sequentially on n parallel straight lines 
in accordance with a certain propagation coefficient. Note that the n parallel straight lines passes a connecting position 

20 of the k+1' th output waveguide 1 03f_ k+1 to the multi-mode waveguide 1 02f. 

[01 79] The propagation coefficients for the movement of the power of light differ between the k'th and k+1 ' th wave- 
lengths X k and A, k+1 due to chromatic dispersion resulted from modal dispersion of each wavelength, i.e., due to wave- 
length characteristics of propagation coefficients of all modes of wavelengths. Accordingly, in the case of an optical 
path length which causes the powers of light of the k'th and k+1 th wavelengths A. k and to move in opposite phases 

25 (i.e., the phase difference between the powers is an integral multiple of n), the powers of the light of the kth and k+1 'th 
wavelengths X k and A. k+1 separately move on different lines among the n parallel straight lines. 

[0180] Thus, in the seventh embodiment, the multi-mode waveguide 102f has the optical path length determined 
such that the output waveguide 1 03 f _ k , which guides the light of the kth wavelength A^, and the k+1 ' th output waveguide 
1 03 f . k+1 , which guides the light of the k+1 wavelength A^, are provided in the vicinity of the location at which the light 

30 of the k'th and k+1 th wavelength A* and X 1c+1 are separated, thereby making it possible to allow the optical demultiplexer 
1 0Of simply structured with the waveguides to separate the light of the n types of wavelengths A. 1( A^. 
[0181] Similar to the fifth embodiment where two parallel single-mode waveguides 112d and 122d are used instead 
of using the multi-mode waveguide 1 02a of the optical demultiplexer 1 00a according to the first embodiment, the multi- 
mode waveguide 102f may be replaced with n parallel single-mode waveguides. FIG. 12 is a diagram schematically 

35 illustrating the structure of an optical demultiplexer 101f including n parallel single-mode waveguides 122 M through 
122 f . n , instead of including the multi-mode waveguide 102f of the optical demultiplexer 100f according to the seventh 
embodiment. In FIG. 12, the optical demultiplexer 101f includes single-mode waveguides t22 M through 122 f . n which 
form a high-order multi-mode propagation portion 1 1 2f , and other elements of the optical demultiplexer 1 01 f are similar 
to elements of the optical demultiplexer 100f illustrated in FIG. 11 . 

40 [0182] In the seventh embodiment, similar to the second embodiment, the output waveguide may be provided in 
such a position that a loss of a wavelength to be cut off is maximized, i.e., the extinction ratio is maximized. 

(Eighth Embodiment) 

45 [0183] FIG. 13 is a diagram schematically illustrating the structure of an optical demultiplexer 100g according to an 
eighth embodiment of the present invention. In FIG. 13, elements having similar functions to those of the optical de- 
multiplexer 1 00a shown in FIG. 1 are denoted by the same reference numerals, and the descriptions thereof are omitted. 
[0184] In FIG. 13, the optical demultiplexer 100g includes: an input waveguide 101a; a first multi-mode waveguide 
102g; a first relay waveguide 103g; a second relay waveguide 104g; a second multi-mode waveguide 105g; a third 

50 multi-mode waveguide 107g; a first output waveguide 108g; a second output waveguide 109g; a substrate 106g for 
securing the above waveguides; and V-grooves 105a, 115a, and 125a. 

[0185] The first multi-mode waveguide 102g, the second multi-mode waveguide 105g, and the third multi-mode 
waveguide 107g have af unction and an optical path length similar to those of the multi-mode waveguide 102a according 
to the first embodiment. 

55 [0186] The first relay waveguide 103g runs between the first multi-mode waveguide 102g and the second multi-mode 
waveguide 1 05g. The input end of the first relay waveguide 1 03g is optically coupled to a 1 .30 fim wavelength output 
end of the first multi-mode waveguide 102g. This output end is located in a position similar to the position of the output 
end of the multi-mode waveguide 102a from which light of a wavelength of 1 .30 \vm is outputted as described in the 
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first embodiment. On the other hand, the output end of the first relay waveguide 1 03g is optically coupled to the second 
multi-mode waveguide 105g in such a position that the optical axis of the first relay waveguide 103g becomes offset 
from a center line 115g of the second multi-mode waveguide 105g. 

[0187] The second relay waveguide 104g runs between the first multi-mode waveguide 102g and the third muM- 

5 mode waveguide 1 07g. The input end of the second relay waveguide 1 04g is optically coupled to a 1 . 55 pm wavelength 
output end of the first multi-mode waveguide 1 02g. This output end is located in a position similar to the position of the 
output end of the multi-mode waveguide 102a from which light of a wavelength of 1 .55 am is outputted as described 
in the first embodiment. On the other hand, the output end of the second relay waveguide 104g is optically coupled to 
the third multi-mode waveguide 107g in such a position that the optical axis of the second relay waveguide 104g 

io becomes offset from a center line 11 7g of the third multi-mode waveguide 107g. 

[0188] The first output waveguide 1 08g is operable to relay light of a wavelength of 1 .30 u.m from the second multi- 
mode waveguide 105g to a first output optical fiber 8. The input end of the first output waveguide 10Bg is optically 
coupled to a 1. 30 jim wavelength output end of the second multi-mode waveguide 105g. This output end is located 
in a position similar to the position of the output end of themulti-mode waveguide 1 02a fromwhich light of a wavelength 

'5 of 1 .30 |im is outputted as described in the first embodiment. 

[0189] The second output waveguide 109g is operable to relay light of a wavelength of 1. 55 ,um from the third multi- 
mode waveguide 107g to a second output optical fiber 9. The input end of the second output waveguide 109g is optically 
coupled to a 1.55 pm wavelength output end of the thirdmulti-mode waveguide 107g. This output end is located in a 
position similar to the position of the output end of the multi-mode waveguide 102a from which light of a wavelength 

20 of 1 .55 u,m is outputted as described in the first embodiment. 

[0190] As described above, in a multi-stage demultiplexer according to the eighth embodiment the output from the 
f irst multi-mode waveguide 1 02g is inputted to the second multi-mode waveguide 1 05g and further inputted to the third 
multi-mode waveguide 1 07g. Accordingly, the extinction ratio between wavelengths of 1 . 30 ujti and 1 . 55 jxm is further 
enhanced in the second and thirdmulti-mode waveguides 105g and 107g. Thus, it is possible to provide an optical 

25 demultiplexer capable of enhancing the extinction ratio as compared to the optical demultiplexer 100a according to 
the first embodiment. 

- [0191] Note that although a three-stage multi-mode waveguide is able to obtain a higher extinction ratio than a two- 
stage multi-mode waveguide, the entire optical path is lengthened, resulting in an increase in loss of light. Thus, the 
; number of stages of the multi-mode waveguides should be determined in accordance with whether the prime impor- 

30 tance is placed on a reduction in loss of light or on an enhancement of the extinction ratio. 

[0192] No light of a wavelength of 1 .55 ujti is required to be outputted from the second multi-mode waveguide 105g, 
and no light of a wavelength of 1 .30 urn is required to be outputted from the thirdmulti-mode waveguide 1 07g. Accord- 
ingly, as is apparent from FIG. 13, no waveguides for outputting such light are provided in the optical demultiplexer 100g. 
[0193] In the case of enhancing the extinction ratio, the first relay waveguide 103g may be optically coupled to the 

35 first output optical fiber 8 via a filter, which allows only light of a wavelength in the neighborhood of 1 .30 \im to transmit 
therethrough, rather than the second multi-mode waveguide 105g, and the second relay waveguide 104gmaybe opti- 
cally coupled to the second output optical fiber 9 via a filter, which allows only light of a wavelength in the neighborhood 
of 1 . 55 ujti to transmit therethrough, rather than the third multi-mode waveguide 1 07g. 

[0194] Note that in the optical demultiplexer as described in the first through eighth embodiments, the modal disper- 
se? sion and chromatic dispersion are fixed in a multi-mode propagation portion. That is, a refractive index of the multi- 
mode propagation portion is kept constant. However, a multi-mode propagation portion having a variable refractive 
index may be used. 

[0195] FIG. 14 is a diagram schematically illustrating the structure of an optical demultiplexer 1 01 a in an exemplary 
case where a refractive index of a multi-mode propagation portion is changed by applying an electro-optic effect. In 

45 the optical demultiplexer 101a illustrated in FIG. 1 4, a material having an electro-optic effect is used as a core material 
of a multi-mode waveguide 112a, and two electrodes 111 are provided on front and back faces of an upper portion of 
the multi-mode waveguide 112a (in FIG. 14, only an electrode 111 provided on the front face is shown). A voltage 
applied to the electrodes 111 is controlled by a voltage control section 112 provided outside the optical demultiplexer 
101a. Accordingly, the refractive index of the multi-mode waveguide 112a can be arbitrarily changed on a real-time 

50 basis, and therefore the extinction ratio at wavelengths of 1 .30 p.m and 1 .55 u.m can be dynamically controlled. Note 
that the distribution of the refractive index of the multi-mode waveguide 112a can be changed by changing the shape 
and positions of the electrodes 111 provided on the multi-mode waveguide 112a. The positions of the electrodes 111 
are not limited to the front and back faces in the upper portion of the multi-mode waveguide 1 1 2a as shown in FIG. 14. 
The electrodes 111 may be provided on front and back faces in a lower portion of the multi-mode waveguide 112a or 

55 may provided on the front face in the upper and lower portions of the multi-mode waveguide 1 1 2a. That is, the electrodes 
111 can be provided in any positions on the multi-mode waveguide 112a so long as the refractive index of the multi- 
mode waveguide 112a can be changed. 

[0196] FIG. 15 is a diagram schematically illustrating the structure of an optical demultiplexer 1 02a in an exemplary 
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case where a refractive index of a multi-mode propagation portion is changed by applying a thermo-optic effect. In the 
optical demultiplexer 102a illustrated in FIG. 15, a material having a thermo-optic effect is us«J as a core material of 
a muiti-mode waveguide 122a, and a heat conducting portion 121 is provided on a front face in the upper portion of 
the multi-mode waveguide 122a. A temperature control section 122 provided outside the optical demultiplexer 102a 
supplies heat to the heat conducting portion 121 so as to control the temperature of heat conducted from the heat 
conducting portion 121 to the multi-mode waveguide 122a. Accordingly, the refractive index of the multi-mode 
waveguide 122a can be arbitrarily changed on a real-time basis, and therefore the extinction ratio at wavelengths of 
1 .30 pjn and 1 .55 ujti can be dynamically controlled. In an alternative manner of heat control, a Peltier device is provided 
on the multi-mode waveguide 122a, and a current is applied to the Peltier device so as to control the temperature of 
the multi-mode waveguide 122a. Note that the distribution of the refractive index of the multi-mode waveguide 122a 
can be changed by changing the shapes and positions of the heat conducting portion 121 and the Peltier device on 
the multi-mode waveguide 1 22a. The positions of the heat conducting portion 121 and the Peltier device are not limited 
to the front face in the upper portion of the multi-mode waveguide 122a as shown in FIG. 15. The heat conducting 
portion 121 and the Peltier device may be provided on the back face in the upper portion of the multi-mode waveguide 
1 22a or may be provided on the front or back face in the lower portion or the entire front or back face of the multi-mode 
waveguide 122a. That is, the heat conducting portion 121 and the Peltier device can be provided in any position on 
the multi-mode waveguide 122a so long as the refractive index of the multi-mode waveguide 122a can be changed. 
[0197] Similarly, in the case where a plurality of parallel single-mode waveguides are used instead of using the multi- 
mode waveguide, by using a material having an electro-optic or thermo-optic effect as the core material of the single- 
mode waveguides, an effect similar to that described above in conjunction with FIG. 14 or 15 can be achieved. 
[0198] In the eighth embodiment, similar to the second embodiment, the output waveguide may be provided in such 
a position that a loss of a wavelength to be cut off is maximized, i.e., the extinction ratio is maximized. 
[0199] Further, it is possible to provide a compact optical demultiplexer by applying the principle of the optical de- 
multiplexer described in the third through sixth embodiment and the eighth embodiment to separation of n types of 
wavelengths. 

[0200] Hereinbelow, embodiments of an optical multiplexer of the present invention will be described. Note that the 
optical multiplexer is structured so as to function in a manner opposite to the above-described demultiplexers, and 
because of the reversibility of light, the behavior of light in the optical multiplexer simply becomes opposite to the 
behavior of light described in the above embodiments. Accordingly, in the following ninth through twelfth embodiments, 
elements of optical multiplexers are described in brief, rather than in detail, with reference to drawings schematically 
illustrating structures of the optical multiplexers. 



(Ninth Embodiment) 

[0201 ] FIG. 16 is a diagram schematically illustrating the structure of an optical multiplexer 200a according to a ninth 
embodiment of the present invention. The optical multiplexer 200a is structured so as to function in a manner opposite 
to the optical demultiplexer 100a according to the first embodiment. 

[0202] In FIG. 16, the optical multiplexer 200a includes: a first input waveguide 201a; a second input waveguide 
202a; a multi-mode waveguide 203a; an output waveguide 204a; a substrate 206a for securing the above waveguides; 
a V-groove 205a for securing a first input optical fiber 28; a V-groove 21 5a for securing a second input optical fiber 29; 
and a V-groove 225a for securing an output optical fiber 27. 

[0203] In the case where a phase difference between zero- and first-order modes at a wavelength of 1 .30 pjn is 6 1 
and a phase difference between zero- and first-order modes at a wavelength of 1 .55 ujti is 6 2 , similar to the multi-mode 
waveguide 102a of the optical demultiplexer 100a, the multi-mode waveguide 203a has such an optical path length 
as to cause a difference between e n and e 2 to become substantially an integral multiple of tu. 

[0204] The first and second input waveguides 201 a and 202a are provided on the substrate 206a in opposite positions 
with respect to a center line 213a of the multi-mode waveguide 203a. The output waveguide 204a is positioned such 
that the optical axis thereof becomes offset from the center line 213a of the multi-mode waveguide 203a. The optical 
multiplexer 200a is structured in a manner opposite to the optical demultiplexer 100a in that the optical multiplexer 
200a includes two waveguides in the input side and one waveguide in the output side, while the optical demultiplexer 
100a includes one waveguide in the input side and two waveguides in the output side. Thus, the optical multiplexer 
200a functions in a manner opposite to the optical demultiplexer 100a. 

[0205] In the multi-mode waveguide 203a r light of a wavelength of 1.30 ujti, which has entered the first input 
waveguide 201 a via the first input optical fiber 28, is divided into light under the zero- and first-order modes. Similarly, 
in the multi-mode waveguide 203a, light of a wavelength of 1 . 55 urn, which has entered the second input waveguide 
202a via the second input optical fiber 29, is divided into light under the zero- and first-order modes. Due to mode 
interference caused in the multi-mode waveguide 203a, both the powers of the light of wavelengths of 1 .30 u.m and 
1 .55 urn are maximized at the output end of the multi-mode waveguide 203a (i.e. , the input end of the output waveguide 
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204a). Wavelength-multiplexed light obtained by the output waveguide 203a is inputted to the output optical fiber 207c 
via the output waveguide 204c. — 
[0206] As described above, in the ninth embodiment, in the case where a phase difference between the zero- and 
first-order modes at a wavelength of 1 .30 fim is 9 1 and a phase difference between the zero- and first-order modes at 

5 a wavelength of 1 .55 pm is 8 2: the optical multiplexer 200a is provided with the multi-mode waveguide 203a which has 
such an optical path length as to cause a difference between and 8 2 to become substantially an integral multiple of 
n. Further, the output waveguide 204a is connected to the multi-mode waveguide 203a in such a position that the 
optical axis thereof becomes offset from the center line 21 3a of the multi-mode waveguide 203a, and the first and 
second input waveguides 201a and 202a are provided in opposite positions with respect to the center line 21 3a. Thus, 

10 it is possible to combine light of wavelengths of 1 .30 pm and 1 .55 u,m. The optical multiplexer according to the ninth 
embodiment is simply structured with the multi-mode optical waveguide, and therefore can be provided at low cost. 
[0207J As is apparent from the above description, it is understood that the optical demultiplexer 100a described in 
the first embodiment can be configured to function as an optical multiplexer. Accordingly, an optical multiplexer accord- 
ing to the present invention can be configured to fu notion as a multi-/demuttiplexer capable of separating and combining 

is a plurality of wavelengths. 

[0208] In the case of the multiplexer, the performance thereof is determined by a transmission loss of light since it 
is not necessary to consider the extinction ratio. Accordingly, it is optimum to connect two input waveguides to the 
multi-mode waveguide at positions where corresponding wavelengths are maximized, such that the light power ex- 
tremum inversion, condition is completely satisfied. 

20 

(Tenth Embodiment) 

[0209] FIG. 1 7 is a diagram schematically illustrating the structure of an optical multiplexer 200b according to sr tenth 
embodiment of the present invention. In FIG. 1 7, elements having similar functions to those of the optical multiplexer 
25 200a according to the ninth embodiment are denoted by the same reference numerals, and the descriptions thereof 
are omitted. The optical multiplexer 200b is structured so as to function in a manner opposite to the optical demultiplexer 
100b according to the third embodiment. 

[0210] In FIG. 17, the optical multiplexer 200b includes: a first input waveguide 201a; a second input waveguide 
202a; a multi-mode waveguide 203b (which includes optical paths having different lengths); an output waveguide 204a; 

30 a substrate 206b for securing the above waveguides; and V-grooves 205a, 215a and 225a. 

[0211] The multi-mode waveguide 203b includes a first optical path length portion 213b and a second optical path 
length portion 223b. The first optical path length portion 213b has a characteristic similarto that of the first optical path 
length portion 112b of the optical demultiplexer 100b according to the third embodiment. The first optical path length 
portion 21 3b causes mode interference of light of a wavelength of 1 . 30 urn inputted via the first input waveguide 201 a, 

35 such that the power of such light is maximized at the output end of the multi-mode waveguide 203b (i.e., a location 
offset from the center line 233b). 

[0212] The second optical path length portion 223b has a characteristic similar to that of the second optical path 
length portion 1 22b of the optical demultiplexer 1 00b according to the third embodiment. The second optical path length 
portion 223b causes mode interference of light of a wavelength of 1 . 55 ujn inputted via the second input waveguide 
40 202a, such that the power of such light is maximized at the output end of the multi-mode waveguide 203b (i.e., a 
location offset from the center line 233b). 

[0213] As described above, the tenth embodiment uses the multi-mode waveguide 203b having an optical length, 
which can be less than or equal to 5000 urn as described in the thirds embodiment, whereby it is possible to provide 
a compact optical multiplexer. 

45 [0214] As in the case of the third embodiment, in the tenth embodiment, the multi-mode waveguide 203b may be 
structured by two single-mode waveguides placed in parallel to each other (see FIGs. 8 and 9). 

(Eleventh Embodiment) 

50 [0215] FIG. 18 is a diagram schematically illustrating the structure of an optical multiplexer 200c according to an 
eleventh embodiment of the present invention. In FIG. 18, elements having similar functions to those of the optical 
multiplexer 200a according to the ninth embodiment are denoted by the same reference numerals, and the descriptions 
thereof are omitted. The optical multiplexer 200c is structured so as to function in a manner opposite to the optical 
demultiplexer 100c according to the fourth embodiment. 

55 [0216] In FIG. 18, the optical multiplexer 200c includes: a first input waveguide 201a; a second input waveguide 
202a; a multi-mode waveguide 203c (which includes a plurality of stages) ; an output waveguide 204a; a substrate 
206c for securing the above waveguides; and V-grooves 205a, 215a and 225a. 

[0217] The multi-mode waveguide 203c includes a first multi-mode region 213c and a second multi-mode region 
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223c. The first multi-mode region 21 3c has a characteristic similar to that of the second multi-mode region 1 22c of the 
multi-mode waveguide 102c included in the optical demultiplexer 100c according to the fourt Embodiment. That is, 
the first multi-mode region 21 3c causes mode interference of light of a wavelength of 1 . 55 u.m inputted via the second 
input waveguide 202a, such that the power of such light is maximized at the interface with the multi-mode region 223c. 
[0218] The second multi-mode region 223c has a characteristic similar to that of the first multi-mode -region 1 02c of 
themulti-mode waveguide 102c included in the optical demultiplexer 100c according to the fourth embodiment. That 
is, the second multi-mode region 223c causes mode interference of only light of a wavelength of 1 .30 um, such that 
the power of such light is maximized at the output end face (i.e. , the input end of the output waveguide 204a). 
[0219] As described above, the eleventh embodiment uses the multi-mode waveguide 203c including a plurality of 
stages, and therefore as in the case of the fourth embodiment, it is possible to provide a compact optical multiplexer. 
[0220] Further, as in the case of the fourth embodiment, in the eleventh embodiment, the multi-mode waveguide 
203c may be structured by two single-mode waveguides placed in parallel to each other (see FIG. 10). 

(Twelfth Embodiment) 



[0221] FIG. 1 9 is a diagram schematically illustrating the structure of an optical multiplexer 200f according to a twelfth 
embodiment of the present invention. In FIG. 1 9, elements having similar functions to those of the optical multiplexer 
200a according to the ninth embodiment are denoted by the same reference numerals, and the descriptions thereof 
are omitted. The optical multiplexer 200f is structured so as to function in a manner opposite to the optical demultiplexer 
20 1 0Of according to the seventh embodiment. 

[0222] In FIG. 19, the optical multiplexer 200f includes: n input waveguides 201 f; a high-order multi-mode waveguide 
203f; an output waveguide 204a; a substrate 206f for securing the above waveguides; and n V-grooves 205f; and a 
V-groove 225a. In FIG. 1 9, for clarity of illustration, the input waveguides 201 f and the V-grooves 205f are not Shown 
in their entirety. 

[0223] The high-order multi-mode waveguide 203f has a characteristic similar to that of the multi-mode waveguide 
1 02f of the optical demultiplexer 1 0Of according to the seventh embodiment. 

[0224] Thus, according to the twelfth embodiment, it is possible to provide a multiplexer capable of combining light 
of n types of wavelengths X^, inputted from first through n'th input optical fibers. 

[0225] Note that a high-order multi-mode propagation portion may be used as a coupler including single-mode 
waveguides. FIG. 20 is a diagram schematically illustrating the structure of an optical multiplexer 201 f including a high- 
order multi-mode propagation portion 21 3f consisting of n single-mode waveguides 223f. The optical multiplexer 201 f 
operates in a manner opposite to the optical demultiplexer 101 f illustrated in FIG. 12, and therefore the principle of the 
operation of the optical multiplexer 201f is readily understood by considering that light in the optical multiplexer 201 f 
behaves in a manner opposite to the behavior of light in the optical demultiplexer 1 01 f . 

[0226] As in the case of the demultiplexer, the principle of the optical multiplexer as shown in FIGs. 1 6-1 8, as well 
as in FIGs. 19 and 20, may be applied to an n-wavelength optical multiplexer. In such a case, it is apparent that the 
multi-mode waveguide may be used as a coupler including single-mode waveguides. 

[0227] It is also apparent that the above-mentioned n-wavelength optical demultiplexer can be configured to function 
as an optical mult {-/demultiplexer. 

[0228] Further, the optical demultiplexer illustrated in FIG. 13 may be applied to an optical multi -/demultiplexer. In 
such case, a first multi-mode waveguide is provided to one of two input ends of the multi-mode waveguide, and a 
secondmulti-mode waveguide is provided to the other input end. 

[0229] Note that as in the case of an optical multiplexer 21 0a illustrated in FIG. 21 , a multi-mode waveguide 213a 
may be formed of a material having an electro-optic effect, such that the refractive index of the multi-mode waveguide 
213a can be changed by a voltage control section 112 and electrodes 1 11 so as to dynamically control a ratio between 
wavelengths in multiplexed light. The voltage control section 112 and the electrodes 111 are the same as those de- 
scribed in conjunction with FIG. 14. 

[0230] Alternatively, the refractive index may be changed by providing an external electric field control section for 
applying an external electric field to the multi-mode waveguide, rather than providing the voltage control section. 
[0231] Further, as in the case of an optical multiplexer 220a illustrated in FIG. 22, a multi-mode waveguide 223a 
may be formed of a material having a thermo-optic effect, such that the refractive index of the multi-mode waveguide 
223a can be changed by a temperature control section 122 and a heat conducting portion 121 so as to dynamically 
control a ratio between wavelengths in multiplexed light. The temperature control section 122 and the heat conducting 
portion 121 are the same as those described in conjunction with FIG. 15. 

[0232] Hereinbelow, embodiments of an optical device including the optical demultiplexer and optical multiplexer as 
described in the above embodiments will be described. 
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(Thirteenth Embodiment) 

[0233] FIG. 23 is a diagram schematically illustrating the structure of a WDM gain adjuster 300a according to a 
thirteenth embodiment of the present invention. In FIG. 23, the WDM gain adjuster 300a includes: a demultiplexing 
section 301a including the same elements as those of the optical demultiplexer 100f illustrated in FIG. 11 ; a multiplexing 
section 302a including the same elements as those of the optical multiplexer 200f illustrated in FIG. 1 9; n gain adjusting 
sections 303a; a substrate 306a for securing the above elements; and V-grooves 1 05a and 206f. In FIG. 23, powers 
of light of given wavelengths in principal parts of the WDM gain adjuster 300a are shown, and elements having functions 
similar to functions of the optical demultiplexer 1 0Of and the optical multiplexer 200f are denoted by the same reference 
numerals. 

[0234] The demultiplexing section 301a includes an input waveguide 101a, a multi-mode waveguide 102f, and n 
input relay waveguides 311a. The multiplexing section 302a includes n output relay waveguides 312a, a multi-mode 
waveguide 203f , and an output waveguide 204a. 

[0235] Each gain adjusting section 303a performs gain adjustment such that the power of light at each wavelength 
inputted from the input relay waveguides 31 1 a of the demultiplexing section 301 a becomes constant, and then supplies 
the light to the output relay waveguide 312a. 

[0236] Specifically, n types of WDM wavelengths in an optical signal are entirely separated from each another, and 
combined back into the state of WDM transmission after gain adjustment is performed for each wavelength. In this 
manner, gains aUhe n types of wavelengths, which become uneven during transmission, are adjusted, thereby cor- 
recting the optical signal so as to become stable. 

[0237] Alternatively, dynamic gain adjustment may be performed by providing an external control section for control- 
ling the gain adjuster. 

[0238] Although the unevenness of gains between wavelengths varies depending on conditions of transmitting iBh 
optical signal, it is possible to make a correction so as to constantly obtain a stable optical signal by allowing the 
demultiplexing section 301a to monitor a gain at each wavelength and dynamically control each gain adjusting section 
303a so as to obtain a desired gain for each wavelength. 

[0239] Alternatively, the gain of each wavelength may be monitored in the multiplexing section 306a. In this case, a 
correction value is fed back to the gain adjusting section 303a until the output of the multiplexing section 306a reaches 
a desired gain level. In such a case, an external control section and a monitor section may be provided outside the 
multiplexing section 306a in order to control each gain adjusting section 303a. 

[0240] Note that an adjustingmeans other than the gain adj uster may be provided for adjusting at least one of a 
gain, a phase, and a polarized status for each wavelength. 

[0241] Further, the multi-mode waveguide 102f of the demultiplexing section 301a and the multi-mode waveguide 
203f of the multiplexing section 306a may be formed by n parallel single-mode waveguides. 

(Fourteenth Embodiment) 

[0242] FIG. 24 is a diagram illustrating the structure of a WDM add/drop 300b according to a fourteenth embodiment 
of the present invention. In FIG. 24, elements having functions similar to functions of the optical demultiplexer 100a 
illustrated in FIG. 1 and the optical multiplexer 200a illustrated in FIG. 15 are denoted by the same reference numerals. 
[0243] In FIG. 24, the WDM add/drop 300b includes: a first input waveguide 101a: a demultiplexer muffl^mode 
waveguide 301 b; a relay waveguide 302b; a multiplexer multi-mode waveguide 303b; a drop waveguide 304b; an add 
waveguide 305b; an output waveguide 204a; a substrate 306b for securing the above elements; V-grooves 105a and 
225a; a V-groove 307b for securing a drop optical fiber 37; and a V-groove 308b for securing an add optical fiber 38. 
[0244] The demultiplexer multi-mode waveguide 301 b has a characteristic similar to that of the multi-mode waveguide 
1 02a of the optical demultiplexer 1 00a according to the first embodiment. The multiplexer multi-mode waveguide 303b 
has a characteristic similar to that of the multi-mode waveguide 203a of the optical multiplexer 200a according to the 
eighth embodiment. Alternatively, an optical demultiplexer as described in the second embodiment may be used for 
separating a desired wavelength so as to cut off other wavelengths as much as possible, thereby preventing an adverse 
effect from being caused to a device at an output destination. 

[0245] The relay waveguide 302b is operable to relay, to the multiplexer multi-mode waveguide 303b, light of a 
wavelength of 1. 30 outputted by the demultiplexer multi-mode waveguide 301b. The drop waveguide 304b is 
operable to input, to the drop optical fiber 37, light of a wavelength of 1 .55 \um outputted by the demultiplexer multi- 
mode waveguide 301 b. The drop optical fiber 37 guides the light of a wavelength of 1 .55 u,m to the outside of the WDM 
add/drop 300b. The add optical fiber 38 guides light from outside into the WDM add/drop 300b. The add waveguide 
305b is operable to relay, to the multiplexer multi-mode waveguide 303b, light of a wavelength of 1 .55 jim outputted 
from the add optical fiber 38. 

[0246] In the WDM add/drop 300b, among WDM wavelengths of 1 .30 pm and 1 .55 ujti, only light of a wavelength 
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of 1.55 um is guided to the outside of the WDM add/drop 300b via the drop waveguide 304b. After being modulated 
outside of the WDM add/drop 300b, the light of a wavelength of 1 .55 um is guided through ihm add waveguide 305b 
and the muiiipiexer muiti-mode waveguide 303b so as to be combined with the light of a wavelength of 1 .30 urn. This 
allows any element to receive a necessary signal. 
5 [0247] In the above description, although the wavelength of 1 .55 um is dropped, a wavelength of 1 .30 um may be 
dropped. 

[0248] Further, the input and output optical fibers 7 and 27 may be configured so as to be mutually connected in loop 
[0249] Furthermore, each of the demultiplexer multi-mode waveguide 301b and the multiplexer multi-mode 
waveguide 303b may be formed by two parallel single-mode waveguides. 

10 

(Fifteenth Embodiment) 

[0250] FIG. 25 is a diagram schematically illustrating a WDM transmitter/receiver module 300c according to a fifteenth 
embodiment of the present invention. In FIG. 25, elements having functions similar to functions of the optical demul- 

15 tiplexer 1 00a according to the first embodiment are denoted by the same reference numerals. 

[0251] In FIG. 25, the WDM transmitter/receiver module 300c includes: a first waveguide 301c; a multi-mode 
waveguide 302c having a characteristic similar to that of the multi-mode waveguide 1 02a of the optical demultiplexer 
1 00a illustrated in FIG. 1 ; a second waveguide 303c; a third waveguide 304c; a 1 .30 um wavelength photodiode 305c 
connected to the output end of the second waveguide 303c; a 1 . 55 um wavelength laser diode 307c connected to the 

20 output end of the third waveguide 304c; a 1 .55 um wavelength photodiode 308c; a substrate 306c for securing the 
above elements; and a V-groove 1 05a for securing an input/output optical fiber 47. 

[0252] In the case where a wavelength of 1 .30 pm is exclusive for use in a receiver application and a wavelength of 
1 .55 \im is for use in a receiver/transmitter application, when light of wavelengths of 1 . 30 um and 1 . 55 um is inputted 
from the input/output optical fiber 47, the light of wavelengths of 1 .30 jim and 1 .55 pm is separated into light of a 

25 wavelength of 1 .30 um and light of a wavelength of 1 .55 um. The light of a wavelength of 1 .30 um is received by the 
1 .30 pm wavelength photodiode 305c via the second waveguide 303c. The light of a wavelength of 1 .55 um is received 
by the 1 . 55 um wavelength photodiode 308c via the third waveguide 304c. On the other hand, when the light of a 
wavelength of 1 .55 um is inputted from the 1 .55 jxm wavelength laser diode 308c to the third waveguide 304c, the 
multi-mode waveguide 302c functions as a multiplexer, or a deflector which passes light from the third waveguide 304c 

30 to the first waveguide 301 c, so that the light of a wavelength of 1 .55 um is inputted to the input/output optical fiber 47. 
[0253] In this manner, in the fifteenth embodiment, it is possible to provide an optical device which receives light of 
wavelengths of 1 .30 um and 1 .55 um and transmits only the light of a wavelength of 1 .55 um. 

[0254] An optical demultiplexer as described in the second embodiment may be used for separating a desired wave- 
length so as to cut off other wavelengths as much as possible, thereby preventing an adverse effect from being caused 
35 to a device at an output destination. In such a case, the multi-mode waveguide 302c cuts off the light of a wavelength 
of 1 .30 um and inputs the light of a wavelength of 1 . 55 um to the third waveguide 304c f and therefore the light of a 
wavelength of 1 .30 urn is not inputted to the 1 .55 um wavelength laser diode 307c. Thus, it is possible to prevent 
malfunction of the 1 .55 urn wavelength laser diode 307c. 

[0255] In the case of using a wavelength of 1.30 um in a receiver/transmitter application, a 1. 30 um wavelength 

40 laser diode may be coupled to the second waveguide 303c. 

[0256] In the present embodiment, electrical parts, such as the 1 .30 uxn wavelength photodiode 305c, the 1 .55 um 
laser diode 307c, and the 1 . 55 um photodiode 308c, are all completely separated from any optical parts, such as the 
multi-mode waveguide 302c and the optical fibers. Thus, the WDM transmitter/receiver module is configured as an 
integrated unit consisting of an electrical circuit section, which is formed of electrical signal processing circuits integrated 

45 jnto an electrical part unit, and an optical circuit section, which is formed of an integrated unit of optical parts. 

(Sixteenth Embodiment) 

[0257] FIG. 26 is a diagram schematically illustrating a WDM interleaver 300d according to a sixteenth embodiment 
50 of the present invention. In FIG. 26, elements having functions similar to functions of the optical demultiplexer 100a 
according to the first embodiment are denoted by the same reference numerals. 

[0258] In FIG. 26, the WDM interleaver 300d includes: an input waveguide 101a; a multi-mode waveguide 301 d; a 
first output waveguide 103a; a second output waveguide 1 04a; a substrate 1 06a for securing the above waveguides; 
and V-grooves 105a, 115a and 125a. 
55 [0259] In the case where the multi-mode waveguide 301 d is able to transmit multi-mode light of 2n (n=1 , 2,. . .) types 
of equally-spaced wavelengths X^,..., Xgrv when a phase difference between zero- and first-order modes at a 2k-1'th 
wavelength (k=1 ,2,...; hereinafter referred to as the "odd-numbered multiplexed wavelength light") is 0 2 k-i and a 
phase difference between zero- and first-order modes at a 2k'th wavelength (hereinafter referred to as the "even- 
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numbered multiplexed wavelength light") is 8 2k , the multi-mode waveguide 301 d has such an optical path length as to 
cause a difference between Q 2 k ^ and e 2k to become substantially an integral multiple of it. Theffiulti-mode waveguide 
301 d is formed of a material having a refractive index which is in linear relationship with a wavelength in a wavelength 
range of use. 

[0260] The input waveguide 101a, and the first and second output waveguides 103a and 104a are connected to the 
multi-mode waveguide 301 d in positions as described in the first embodiment. 

[0261] Next, the behavior of light in the WDM interleaver300d will be described. Consider a case where single-mode 
light of n types of odd-numbered wavelengths X-,, .... enters from the input waveguide 1 01 a connected to the multi- 
mode waveguide 301 d in such a position that the optical axis thereof becomes offset from the center line 11 2a. In the 
mufti-mode waveguide 301 d, the odd-numbered wavelength light is divided into light under the zero-and first-order 
modes characteristic of the multi-mode waveguide 301 d. Due to modal dispersion, the odd-numbered wavelength light 
propagates through the multi-mode waveguide 301 d in accordance with a specific propagation coefficient, such that 
the power of the odd-numbered wavelength light alternately moves on two parallel straight lines. 
[0262] Similarly, single-mode light of even-numbered wavelengths enters from the input waveguide 1 01 a connected 
to the multi-mode waveguide 301 d. In the multi-mode waveguide 301 d, the even-numbered wavelength light is divided 
into light under the zero- and first-order modes characteristic of the multi-mode waveguide 301 d. Due to modal dis- 
persion, the even-numbered wavelength light propagates through the multi-mode waveguide 301 d in accordance with 
a specific propagation coefficient, such that the power of the even-numbered wavelength light alternately moves on 
the two parallel straight lines. 

[0263] The propagation coefficients for the movement of light power differ between the odd-numbered wavelength 
light and the even-numbered wavelength light due to chromatic dispersion resulted from modal dispersion of each 
wavelength. Accordingly, in the case of an optical path length which causes the powers of the odd-numbered wave- 
length light and the even-numbered wavelength light to move in opposite phases (i.e., the phase difference between 
the powers is substantially an integral multiple of re), the powers of the odd-numbered wavelength light and the even- 
numbered wavelength light are separated onto the two parallel straight lines. 

[0264] In this manner, the multi-mode waveguide 301 has such an optical path length as to cause the powers of the 
odd-numbered wavelength light and the even-numbered wavelength light to be separated onto the two parallel straight 
lines, and the first and second output waveguides 103a and 104a are provided in the vicinity of the location at which 
the odd-numbered wavelength light and the even-numbered wavelength light are separated. This allows even a WDM 
interleaver simply structured with waveguides to readily separate the odd-numbered wavelength light and the even- 
numbered wavelength light. 

[0265] Note that as in the case of the optical demultiplexer 100d (FIG. 8), the multi-mode waveguide 301 may be 
formed by two parallel single-mode waveguides. 

[0266] As in the case of the third and fourth embodiments, in orderto shorten the length of the multi-mode waveguide 
301 d, the multi-mode waveguide 301 d may be structured so as to make a difference between distances from the input 
end to the output ends from which the odd-numbered wavelength light and the even-numbered wavelength light are 
outputted. In such a case, different optica! path lengths allow the phase difference in movement between powers of 
odd-numbered wavelength light and the even-numbered wavelength light to become substantially an integral multiple 
of re. Alternatively, the multi-mode waveguide 301 d may be structured by first and second multi-mode regions having 
different widths. 

(Seventeenth Embodiment) 

[0267] FIG. 27 is a diagram schematically illustrating the structure of a WDM interleaver 300e according to a sev- 
enteenth embodiment of the present invention. In FIG. 27, elements having functions similar to functions of the optical 
demultiplexer 100a according to the first embodiment are denoted by the same reference numerals. 
[0268] In FIG. 27.. the WDM interleaver 300e includes: an input waveguide 101a; a former-stage multi-mode 
waveguide 301 d; a first relay waveguide 302e; a second relay waveguide 303e; a first latter-stage multi-mode 
waveguide 304e; a second latter-stage multi-mode waveguide 307e; a first output waveguide 308e; a second output 
waveguide 309e; a third output waveguide 31 Oe; a fourth output waveguide 31 1e; a substrate 306e for securing the 
above waveguides; a V-groove 105a; a V-groove 305e for securing a first output optical fiber 56; a V-groove 31 5e for 
securing a second output optical fiber 57; a V-groove 325e for securing a third output optical fiber 58; and a V-groove 
335e for securing a fourth output optical fiber 59. 

[0269] The former-stage multi-mode waveguide 30 1e is a first interleaver having the same characteristic as that of 
the multi-mode waveguide 301d of the optical demultiplexer 300d illustrated in FIG. 26, and has an optical path length 
such that a phase difference in movement between the powers of light of a 2k-1th wavelength (k=1,2,...), i.e., 
the odd-numbered multiplexed wavelength light, and light of a2k'th wavelength A^, ' © . tn © even-numbered multiplexed 
wavelength light, becomes substantially an integral multiple of n. 
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[0270] The first latter-stage multi-mode waveguide 304e is a second interleaver having an optical path length such 
that a phase difference in movement between the powers of light of a 4k-3'th wavelength X 4 g$ (hereinafter referred 
to as the "4k-31h multiplexed wavelength tight) and light of a 4k-1*th wavelength X 4k .^ (hereinafter, referred to as the 
4k-11h multiplexed wavelength light) becomes substantially an integral multiple of n. 
5 [0271] The second latter-stage multi-mode waveguide 307e is a third interleaver having an optical path length such 
that a phase difference in movement between the powers of light of a 4k-2'th wavelength A. 4k _ 2 (hereinafter, referred 
to as the "4k-2'th multiplexed wavelength light) and light of a 4 kin wavelength X 4k (hereinafter, referred to as the 4k*th 
multiplexed wavelength light) becomes substantially an integral multiple of %. 

[0272] Note that refractive indices of the multi-mode waveguides 301 e, 304e, and 307e, respectively included in the 
10 first through third interieavers, are in linear relationship with a wavelength in a wavelength range of use. 

[0273] The first relay waveguide 302e is operable to relay the odd-numbered multiplexed wavelength light from the 
former-stage multi-mode waveguide 301 e to the first latter-stage multi-mode waveguide 304e. The second relay 
waveguide 303e is operable to relay the even-numbered multiplexed wavelength light from the former-stage multi- 
mode waveguide 301 e to the second latter-stage multi-mode waveguide 307e. 
15 [0274] The first output waveguide 308e is operable to supply the 4k-3th multiplexed wavelength light to the first 
output optical fiber 56. The second output waveguide 309e is operable to supply the 4k-1th multiplexed wavelength 
''kjht to the second output optical fiber 57. The third output waveguide 31 Oe is operable to supply the 4k-2'th multiplexed 
wavelength light to the third output optical fiber 58. The fourth output waveguide 311e is operable to supply the 4k'th 
multiplexed wavelength light to the fourth output optical fiber 59. 
20 [0275] As described in the sixteenth embodiment, in the former-stage multi-mode waveguide 301 e, 4n (n=1 , 2,...) 
types of equally-spaced wavelengths X At X 4n " are separated into the odd-numbered multiplexed wavelength light 
and the even-numbered multiplexed wavelength light. The odd-numbered multiplexed wavelength light and the even- 
numbered multiplexed wavelength light are inputted to the first and second latter-stage mufti-mode waveguides 30?e 
and 307e, respectively. 

25 [0276] The odd-numbered multiplexed wavelength light inputted into the first latter-stage multi-mode waveguide 304e 
is separated into the 4k-3'th multiplexed wavelength light and the 4k-1'th multiplexed wavelength light. The even- 
numbered multiplexed wavelength light inputted into the second latter-stage multi-mode waveguide 307e is separated 
into the 4k-2' th multiplexed wavelength light and the 4k'th multiplexed wavelength light. 

[0277] In this manner, the WDM interleaver 300e finally separates the 4n types of equally-spaced wavelengths X 1f ..., 
30 X^ into four groups of equally-spaced wavelengths. 

[0278] Since the refractive indices of the multi-mode waveguides 301 e, 304e, and 307e are in linear relationship 
with a wavelength in the wavelength range of use, the multi-mode waveguides 304e and 305e can have an equal 
optical path length. 

[0279] Note that each of the multi-mode waveguides 301 e, 304e, and 307e may be formed by two parallel single- 
35 mode waveguides. 

[0280] Although in the interieavers as described in the sixteenth and seventeenth embodiments, modal dispersion 
and chromatic dispersion in all wavelengths are fixed, i.e., refractive indices of all wavelengths are kept constant, a 
ratio between powers of light of odd- and even-numbered wavelengths. In such a case, control of such a ratio can be 
performed by elements as described in conjunction with the optical demultiplexers as illustrated in FIGs. 14 and 15. 
40 The material having an electro-optic or thermo-optic effect is required to have a refractive index which is kept in linear 
relationship with a wavelength in the wavelength range of use even if the refractive index is changed. 
[0281] Note that it is apparent that the multi-mode waveguides 102b and 102c and the multi-mode propagation 
portion 102e as used in the third, fourth and sixth embodiments may be used in the thirteenth through seventeenth 
embodiments when more compact waveguides are required. 

45 

(Eighteenth Embodiment) 



[0282] An optical demultiplexer according to an eighteenth embodiment of the present invention has a structure 
similar to that of the optical demultiplexer according to the eighth embodiment, and therefore is described with reference 
to FIG. 13. The optical demultiplexer according to the eighteenth embodiment includes: an input waveguide 101a; a 
first multi-mode waveguide 1 02g; a first relay waveguide 1 03g; a second relay waveguide 1 04g; a second multi-mode 
waveguide 1 05g; a third multi-mode waveguide 1 07g; a first output waveguide 1 08g; a second output waveguide 1 09g; 
a substrate 106g for securing the above waveguides; and V-grooves 105a t 115a, and 125a. 

[0283] In the optical demultiplexer according to the eighteenth embodiment, first and second center wavelengths to 
be separated are 1 . 30 jam and 1 . 55 ^m, respectively, and therefore the extinction ratio equal to or more than 25dB 
can be realized over a wide wavelength band of 100 nm for each center wavelength. Hereinafter, the first multi-mode 
waveguide 102g is referred to as the "former-stage demultiplexing portion", and the second and third multi-mode 
waveguides 105g and 107g are collectively referred to as the "latter-stage demultiplexing portion", respectively. The 
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mechanism for realizing the extinction ratio over a such a wide wavelength band will be described below. 
[0284] FIG. 28 is a graph illustrating wavelength characteristics of a transmission/cut-off \&bs in the former-stage 
demultiplexing portion. In FIG. 28, the vertical axis has values of loss which decreases upwards and increases down- 
wards, the bold curve illustrates a wavelength characteristic of the transmission /cut-off loss at a first output end of the 
former-stage demultiplexing portion (from which a wavelength of 1 .30 urn is outputted and at which the output of a 
wavelength to be. cut off is minimized rather than the output of a desired wavelength is maximized), and the dotted 
curve illustrates a wavelength characteristic of the transmission/cut-off loss at a second output end of the former-stage 
demultiplexing portion (from which a wavelength of 1 .55 ujn is outputted and at which the output of a wavelength to 
be cut off is minimized rather than the output of a desired wavelength is maximized). 

[0285] As shown in FIG. 28, at the first output end, the loss is maximized at about 58dB in the vicinity of a wavelength 
of 1 .51 ujti slightly offset from the center wavelength of 1 .55 u,m to the minus side (i.e., the cut-off loss is minimized in 
the vicinity of the wavelength of 1 .51 u.m). Further, at the first output end, the loss becomes satisfactorily low at about 
0.7dB in the vicinity of the center wavelength of 1 .30 u.m (i.e., the transmission loss becomes satisfactorily low in the 
vicinity of the center wavelength of 1 .30 p,m). Accordingly, at the first output end, the center wavelengths are satisfac- 
torily transmitted, and the wavelength of 1 .51 u,m slightly offset from the center wavelength of 1 .55 um is cut off most. 
Note that a difference between the transmission and cut-off losses corresponds to the extinction ratio. 
[0286] On the other hand, at the second output end, the loss is maximized at about 56dB in the vicinity of a wavelength 
of 1 .26 u,m slightly offset from the center wavelength of 1 .30 u,m to the minus side (i.e., the cut-off loss is minimized in 
the vicinity of thewavelength of 1 .26 u,m). Further, at the first output end, the loss becomes satisfactorily low at about 
0.3dB in the vicinity of the center wavelength of 1 .55 \im (i.e., the transmission loss becomes satisfactorily low in the 
vicinity of the center wavelength of 1 .55 pm). Accordingly, at the second output end, the center wavelengths are sat- 
isfactorily transmitted, and the wavelength of 1 .26 ujti slightly offset from the center wavelength of 1 .30 u.m is cut off 
most. "=*-- — - 

[0287] FIG. 29 is a graph illustrating wavelength characteristicsofatransmission/cut-offlossinthelatter-stage demul- 
tiplexing portion. In FIG. 29, the vertical axis has values of loss which decreases upwards and increases downwards, 
the bold curve illustrates a wavelength characteristic of the transmission /cut-off loss at a f irst output end of the latter- 
stage demultiplexing portion (from which a wavelength of 1 .30 ujti is outputted and at which the output of a wavelength 
to be cut off is minimized rather than the output of a desired wavelength is maximized), and the dotted curve illustrates 

-- a wavelength characteristic of the transmission/cut-off loss at a second output end of the latter-stage demultiplexing 
portion (from which a wavelength of 1.55 p.m is outputted and at which the output of a wavelength to be cut off is 
minimized ratherthan the output of a desired wavelength is maximized). Although the latter-stage demultiplexing portion 

-is formed by the multi-mode waveguides 1 05g and 1 07g, each multi-mode waveguide has the same wavelength char- 
acteristic as illustrated in FIG. 29. 

[0288] As shown in FIG. 29, at the first output end, the loss is maximized at about 58dB in the vicinity of a wavelength 
of 1 .59 u,m slightly offset from the center wavelength of 1 .55 |xm to the plus side (i.e., the cut-off loss is maximized in 
the vicinity of the wavelength of 1 .59 u,m). Further, at the first output end, the loss becomes satisfactorily low at about 
0. 7dB in the vicinity of the center wavelength of 1 . 30 u,m (i.e., the transmission loss becomes satisfactorily low in the 
vicinity of the center wavelength of 1 .30 u,m). Accordingly, at the first output end, the center wavelengths are satisfac- 
torily transmitted, and the wavelength of 1 .59 ujn slightly offset from the center wavelength of 1 .55 pm is cut off most. 
[0289] On the other hand, at the second output end, the loss is maximized at about 56dB in the vicinity of a wavelength 
of 1.34 ujti slightly offset from the center wavelength of 1.30 ujti to the plus side (i.e., the cut-off loss is maximized in 
the vicinity of the wavelength of 1 .34 ujti). Further, at the first output end, the loss becomes satisfactorily low at about 
0. 3dB in the vicinity of the center wavelength of 1 .55 ujn (i.e., the transmission loss becomes satisfactorily low in the 
vicinity of the center wavelength of 1 .55 ujti). Accordingly, at the second output end, the center wavelengths are sat- 
isfactorily transmitted, and the wavelength of 1 .34 ujti slightly offset from the center wavelength of 1 .30 pm is cut off 
most. 

[0290] FIG. 30 is a graph illustrating wavelength characteristics of a transmission/cut-off loss in the entire optical 
demultiplexer according to the eighteenth embodiment. In FIG. 30, the vertical axis has values of loss which decreases 
upwards and increases downwards, the bold curve illustrates a wavelength characteristic of the transmission/cut-off 
loss at the output end of the first output waveguide 1 08g, and the dotted curve illustrates a wavelength characteristic 
of the transmission/cut-off loss at the output end of the second output waveguide 109g. 

[0291] As shown in FIG. 30, at the output end of the first output waveguide 1 08g, the loss becomes significantly high 
in the range centering around the wavelength of 1 .55 ujti between wavelengths of 1 .50 ujti and 1 .60 pm. That is, the 
cut-off loss becomes satisfactorily high in the range between the wavelengths of 1 .50 ujti and 1 .60 pm. Further, at the 
output end of the first output waveguide 108g, the loss becomes significantly low in the range centering around the 
wavelength of 1.30 \im between wavelengths of 1 .25 p.m and 1.35 pm. That is, the transmission loss becomes satis- 
factorily low in the range between the wavelengths of 1 .25 pm and 1 .35 urn. 

[0292] On the other hand, at the output end of the second output waveguide 109g, the loss becomes significantly 
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high in the range centering around the wavelength of 1 .30 u.m between wavelengths of 1 .25 |xm and 1 .35 um. That is, 
the cut-off loss becomes satisfactorily low in the range between the wavelengths of 1.25 um awd 1 .35 jam. Further, at 
the output end of the second output waveguide 109g } the loss becomes significantly high in the range centering around 
the wavelength of 1.55 jim between wavelengths of 1.50 ujn and 1.60 um. That is, the transmission loss becomes 

5 satisfactorily low in the range between the wavelengths of 1 .50 u.m and 1 .60 um. 

[0293] As described above, in the case where the extinction ratio equal to or more than 25dB can be obtained over 
a wide wavelength band by connecting multi-mode waveguides in multi-stages, such that center wavelengths are set 
so as to be symmetric with respect to a wavelength to be separated. In the case of using only a single-stage demulti- 
plexer, a high extinction ratio equal to or more than 50 dB can be obtained with respect to the center wavelengths. 

10 However, the high extinction ratio can be obtained over only a narrow range of 20 nm. Accordingly, the present em- 
bodiment is effective at broadening the range where the extinction ratio becomes high. 

[0294] Note that a high extinction ratio can be obtained over a wider wavelength band if the number of stages of the 
multi-mode waveguides for which different center wavelengths are set is increased from two to three. However, in such 
a case, the entire optical path length is lengthened, leading to an increase of a transmission loss. Accordingly, the 

15 number of stages of the multi-mode waveguides should be determined in accordance with whether the prime impor- 
tance is placed on an increase of a transmission loss or on an enhancement of the extinction ratio. For example, in 
the case where the prime importance is placed on the enhancement of the extinction ratio, by connecting an additional 
demultiplexing portion, which includes multi-mode waveguides for which center wavelengths of 1 .30 um and 1 .55 u,m 
are set, to each of the second and third multi-mode waveguides 1 05g and 1 07g, the extinction ratio can be maximized 

20 W jth respect to first and second wavelengths of 1 .30 pm and 1 .55 p.m to be separated between which the extinction 
ratio is not maximized by two stages of multi-mode waveguides. 

[0295] In the case of the optical demultiplexer according to the above eighth embodiment which is configured as a 
multi-stage optical demultiplexer in which the output of the first multi-mode waveguide 102g is further inputted to The 
second and third multi-mode waveguides 105g and 107g, unlike the seventeenth embodiment, the former- and latter- 
25 stage demultiplexing portions have the same transmission and cut-off losses. Accordingly, the optical demultiplexer 
according to the eighth embodiment is effective at enhancing the extinction ratio between wavelengths in narrow wave- 
length bands centering the first and second wavelengths of 1 .30 ^im and 1 .55 \xm. 

[0296] Similarto the eighth embodiment, in the eighteenth embodiment, no light of a wavelength of 1 .55 um is required 
to be outputted from the second multi-mode waveguide 105g, and no light of a wavelength of 1 .30 u/n is required to 
30 be outputted from the third multi-mode waveguide 1 07g. Accordingly, as is apparent from FIG. 1 3, no waveguides for 
outputting such light are provided in the optical demultiplexer 100g. 

[0297] In the optical demultiplexer according to the eighteenth embodiment, modal dispersion and chromatic disper- 
sion in the multi-mode propagation portion are fixed. That is, the refractive index of the multi-mode propagation portion 
is kept constant. However, a multi-mode propagation portion having a variable refractive index may be used. 
35 [0298] As is apparent from the above description, the present invention achieves an effect of realizing a demultiplexer/ 
multiplexer simply structured with waveguides which has the same performance capabilities as those of a conventional 
demultiplexer/multiplexer without requiring a dielectric multilayer film filter. 

[0299] Note that in each of the above-described embodiments, although single-mode optical fibers are used for the 
purpose of inputting/outputting light, multi-mode optical fibers may be used for such a purpose. 
40 [0300] While the invention has been described in detail, the foregoing description is in all aspects illustrative and not 
restrictive. It is understood that numerous other modifications and variations can be devised without departing from 
the scope of the invention. 



45 Claims 

1. An opticaldemultiplexer(10Oa)forseparatinginput wavelength-multiplexed light of first and second wavelengths, 
comprising: 

50 a multi-mode propagation portion (102a) allowing multi-mode propagation of light of the first and second wave- 

lengths, and separating powers of the light of first and second wavelengths by causing internal mode interfer- 
ence; 

an input portion (101a) for inputting light to the multi-mode propagation portion from such an input position as 
to cause separation of the powers of light in the multi-mode propagation portion; and 
55 first and second output portions (1 03a and 1 04a) for outputting the light of first and second wavelengths from 

the multi-mode propagation portion via such positions on an output end face as to cause separation of the 
powers of the light of first and second wavelengths and maximize an extinction ratio indicating the size of the 
power of light of a desired wavelength with respect to the power of light of a wavelength to be cut off. 
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2. The optical demultiplexer according to claim 1, wherein when a value of the extinction ratio corresponds to ten 
times the natural logarithm of the quotient obtained by dividing the power of light of the deswed wavelength by the 
power of light of the wavelength to be cut off, the extinction ratio is equal to or more than 30dB at a position where 
the extinction ratio is maximized. 

5 

3. The optical demultiplexer according to claim 1 , wherein a refractive index of the multi-mode propagation portion 
is less than or equal to 2.0. 

4. The optical demultiplexer according to claim 1 , wherein the width of the multi-mode propagation portion is equal 
*o to or more than 1 5 ujti. 

5. The optical demultiplexer according to claim 1 , 

wherein the first output portion is located in a position (Q 2a ) where the powerof light of the second wavelength 
is minimized, and 

wherein the second output portion is located in a position (Q 1a ) where the power of light of the first wavelength 
is minimized. 

. The optical demultiplexer according to claim 1 , wherein in the case where a phase difference between zero- and 
first-order modes of the first wavelength is e 1 and a phase difference between zero- and first-order modes of the 
second wavelength is e 2> the multi-mode propagation portion has such an optical path length (L 2 or L 3 ) in a prop- 
agation direction as to cause a difference between 6 1 and 6 2 to be in the range of where m is a natural 
integer. 

. The optical demultiplexer according to claim 6, wherein the multi-mode propagation portion has such an optical 
path length in the propagation direction as to cause at least one of the powers of the light of first and second 
wavelengths to be minimized or maximized at an output end of each of the first and second wavelengths. 
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8. The optical demultiplexer according to claim 7, wherein the multi-mode propagation portion has such an optical 
path length (L.,) in the propagation direction as to cause the difference between ft 1 and 0 2 to become an integral 
30 multiple of n. 

9i The optical demultiplexer according to claim 8, wherein the multi-mode propagation portion has such an optical 
path length (l^) in the propagation direction as to cause the powers of the light of first and second wavelengths 
to become minimum or maximum values inverted with respect to each other at the output end of each of the first 
35 and second wavelengths. 

10. The optical demultiplexer according to claim 6, wherein the multi-mode propagation portion has such an optical 
path length in the propagation direction as to cause the extinction ratio at the output end of each of the first and 
second wavelengths to become equal to or more than 30 dB. 

40 

11. The optical demultiplexer according to claim 6, wherein the multi-mode propagation portion has such an optical 
path length in the propagation direction as to cause the difference between 6 t and 9 2 to become an integral multiple 
ofrc. 

45 12. The optical demultiplexer according to claim 6, 

wherein the multi-mode propagation portion is formed by one multi-mode waveguide, 

wherein the center line of the multi-mode waveguide corresponds to an optical axis of the multi-mode prop- 
agation portion, and 

wherein the input position is offset from the optical axis. 



so 



55 



13: The optical demultiplexer according to claim 6, 

wherein the multi-mode propagation portion is formed by two single-mode waveguides, 
wherein an axis of symmetry between the two multi-mode waveguides corresponds to an optical axis of the 
multi-mode propagation portion, and 

wherein the input position is an input end of either of the two single-mode waveguides. 

14. The optical demultiplexer according to claim 1, 

wherein the multi-mode propagation portion (102b) includes: 
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a first optical path length portion (112b) having an optical path length in a propagation direction such that, in 
the case where a phase difference between zero- and first-order modes of the first wavelength is e 1 and a 
phase difference between zero- and first-order modes of the second wavelength is 0 2 , a difference between 
9-, and G 2 is in the range of rra±7t/2, where m is a natural integer; and 
5 a second optical path length portion (122b) having an optical path length in the propagation direction such 

that the difference between G 1 and 0 2 is in the range of rra±7i/2, 

wherein light of the first wavelength is outputted from the first optical path length portion, 
wherein light of the second wavelength is outputted from the second optical path length portion, and 
10 wherein the first and second optical path length portions have different optical path lengths. 

15. The optical demultiplexer according to claim 14, 

wherein the first optical path length portion has such an optical path length in the propagation direction as 
to cause the difference between 0-, and 6 2 to become an integral multiple of n, and 

wherein the second optical path length portion has such an optical path length in the propagation direction 
as to cause the difference between e 1 and 0 2 to become an integral multiple of n. 
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16. The optical demultiplexer according to claim 14, 

wherein the multi-mode propagation portion is formed by one multi-mode waveguide, 
20 wherein the center line (132b) of the multi-mode waveguide corresponds to an optical axis of the multi-mode 

propagation portion, and 

wherein the input position is offset from the optical axis. 



25 



17. The optical demultiplexer according to claim 14, 

wherein the multi-mode propagation portion (102d) is formed by two single-mode waveguides (112d) having 
different lengths, and 

wherein an axis of symmetry (132d) between the two multi-mode waveguides corresponds to an optical axis 
of the multi-mode propagation portion. 

30 1 8. The optical demultiplexer according to claim 1 , 

wherein the multi-mode propagation portion has an optical path length in a propagation direction such that, 
in the case where a phase difference between zero- and first-order modes of the first wavelength is 8-, and a phase 
difference between zero-and first-order modes of the second wavelength is 6 2 , a difference between G-, and G 2 is 
in the range of mn±7i/2, where m is a natural integer, and 

35 wherein the multi-mode propagation portion (102c) includes: 

a first multi-mode region (112c) capable of transmitting therethrough only multi-mode light of a shorter one of 
the first and second wavelengths; and 

a second multi-mode region (1 22c) capable of transmitting therethrough multi-mode light of the first and second 
wavelengths, the second multi-mode region being present downstream in a traveling direction of light from 
the first multi-mode region. 
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19. The optical demultiplexer according to claim 18, wherein the multi-mode propagation portion has such an optical 
path length in the propagation direction as to cause the difference between to, and 9 2 to become an integral multiple 

45 of n. 

20. The optical demultiplexer according to claim 18, 

wherein the multi-mode propagation portion (102c) is formed by one multi-mode waveguide, and 
wherein the first and second multi-mode regions are formed by cutting out a portion having a rectangular 
solid-shape from the input side of the mu Iti-mode waveguide, such that the first multi-mode region becomes partially 
narrower than the second multi-mode region. 

21. The optical demultiplexer according to claim 20, wherein the input position is offset from the optical axes of the 
first and second multi-mode regions. 

22. The optical demultiplexer according to claim 18, 
wherein the first multi-mode region is formed by two former-stage single-mode waveguides (112e and 122e) 

used as a former-stage multi-mode region, 
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wherein the second multi-mode region is formed by two latter-stage single-mode waveguides (132e and 
142e) used as a latter-stage multi-mode region, and ~ 

wherein a space between the former-stage single-mode waveguides is narrower than a space between the 
latter-stage single-mode waveguides. 

23. The optical demultiplexer according to claim 1 8, wherein the centers of the axes of the first and second multi-mode 
regions are offset from each other. 

24. The optical demultiplexer according to claim 1 , 
wherein in the case where a phase difference between zero- and first-order modes of the first wavelength 

is e n and a phase difference between zero- and first-order modes of the second wavelength is 6 2 , the multi-mode 
propagation portion has such an optical path length in a propagation direction as to cause a difference between 
8 1 and 6 2 to be in the range of rrm±7i/2, where m is a natural integer, and 

wherein the width of the multi-mode propagation portion varies along a direction of an optical axis of the 
'5 optical demultiplexer. 

25. The optical demultiplexer according to claim 24, wherein the multi-mode propagation portion has such an optical 
path length in the propagation direction as to cause the difference between e 1 and e 2 to become an integral multiple 

Of 71. 
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26. The optical demultiplexer according to claim 24, 

wherein the multi-mode propagation portion is formed by one multi-mode waveguide, and 
wherein the center line of the multi-mode waveguide corresponds to an optical axis of the multi-mode^prop 1 - 
agation portion. 

27. The optical demultiplexer according to claim 24, 

wherein the multi-mode propagation portion is formed by two single-mode waveguides, and 
wherein an axis of symmetry between the two multi-mode waveguides corresponds to an optical axis of the 
multi-mode propagation portion. 

28. The optical demultiplexer according to claim 1 , further comprising: 



a first latter-stage multi-mode propagation portion (105g) provided at an output end of the firstoutput portion 
(1 03g) , the first latter-stage multi-mode propagation portion having the same characteristic as that of the multi- 
55 mode propagation portion (102g); 

a second latter-stage multi-mode propagation portion (107g) provided at an output end of the second output 
portion (1 04g), the second latter-stage multi-mode propagation portion having the same characteristic as that 
of the multi-mode propagation portion; 

a first latter-stage output portion (108g) for outputting light of the first wavelength to be separated by the first 
40 latter-stage multi-mode propagation portion; and 

a second latter-stage output portion (109g) for outputting light of the second wavelength to be separated by 
the second latter-stage multi-mode propagation portion. 

29. The optical demultiplexer according to claim 1 , further comprising an external electric field control section for ap- 
45 plying an external electric field to the multi-mode propagation portion, wherein the multi-mode propagation portion 

is formed of an electro-optic material. 

30. The optical demultiplexer according to claim 29, wherein the external electric field control section includes: 

so a pair of electrodes provided on a surface of the multi-mode propagation portion; and 

an external voltage control section (111 or 112) for controlling a voltage between the pair of electrodes. 

31. The optical demultiplexer according to claim 1 , further comprising an external temperature control section (121 or 
122) for controlling the temperature of the multi-mode propagation portion, wherein the multi-mode propagation 

55 portion is formed of a thermo-optic material having a temperature dependence. 

32. The optical demultiplexer according to claim 31 , wherein the external temperature control section includes: 
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a heat conducting member (121) provided on a surface of the multi-mode propagation portion; and 

a temperature control member (122) for controlling the temperatureofthemulti-modeprojaagationportionbyheat- 

ingand/or cooling the heat conducting portion. 

5 33. The optical demultiplexer according to claim 31 , wherein the external temperature control section includes: 

a Peltier device (121) provided on a surface of the multi-mode propagation portion; and 

a temperature control member (1 22) for controlling the temperature of the multi-mode propagation portion by 

applying a current to the Peltier device. 

10 

34. The optical demultiplexer according to claim 1 , 

wherein the input portion is a waveguide optically coupled to the input side of the multi-mode propagation 
portion, and 

wherein each of the first and second output portions is a waveguide optically coupled to the output side of 
*5 the multi-mode propagation portion. 



35. An optical device (300c) for transmitting/receiving light of first and second wavelengths, the optical device com- 
prising: 

a multi-mode propagation portion (302c) allowing multi-mode propagation of light of the first and second wave- 
lengths and separating powers of the light of first and second wavelengths by causing internal mode interfer- 
ence; 

an input portion (301c) for inputting light to the multi-mode propagation portion from such an input positjoiras 
to cause separation of the powers of light in the multi-mode propagation portion; 

first and second output portions (303c and 304c) for outputting the light of first and second wavelengths from 
the multi-mode propagation portion via such positions on an output end face as to cause separation of the 
powers of the light of first and second wavelengths and maximize an extinction ratio indicating the size of the 
power of light of a desired wavelength with respect to the power of light of a wavelength to be cut off; 
a first optical element (305c) for receiving and/or emitting light of the first wavelength, the first optical element 
being provided at an output end of the first output portion; and 

a second optical element for receiving and/or emitting light of the second wavelength, the second optical 
element being provided at an output end of the second output portion. 



36. The optical device according to claim 35, wherein the second optical element includes: 

35 

a light emitting portion (307c) for emitting light of the second wavelength; and 
a light receiving portion (308c) for receiving light of the second wavelength. 

37. An optical demultiplexer (100f) for separating input wavelength-multiplexed light of n types of different wavelengths, 
40 where n is a natural integer, the optical demultiplexer comprising: 



a multi-mode propagation portion (1 02f) allowing multi-mode propagation of the input wavelength-multiplexed 
light of n types of different wavelengths and separating powers of the light of n types of different wavelengths 
by causing internal mode interference; 

an input portion (101a) for inputting light to the multi-mode propagation portion from such an input position as 
to cause separation of the powers of light in the multi-mode propagation portion; and 

n output portions (103f) for outputting the light of n types of different wavelengths from the multi-mode prop- 
agation portion via such positions on an output end face as to cause separation of the powers of the light of 
n types of different wavelengths and maximize an extinction ratio indicating the size of the power of light of a 
desired wavelength with respect to the power of light of a wavelength to be cut off . 

38. The optical demultiplexer according to claim 37, wherein in the case where i=0,1 ,...,n and k=1 , 2,..., n-1 , when a 
phase difference between i'th- and i+1 'th-order modes of a k'th wavelength is e k and a phase difference between 
i'th- and i+1 'th-order modes of a k+1th wavelength X k+1 is 9 k+1 , the multi-mode propagation portion has such an 
optical path length in a propagation direction as to cause a difference between 6 k and 8 k+1 as to be in the range 
of mjt±ji/2, where m is a natural integer. 



39. The optical demultiplexer according to claim 38, 
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wherein the multi-mode propagation portion is formed by one mufti-mode waveguide (102f), 
wherein the center line of the multi-mode waveguide corresponds to an optical axis at the multi-mode prop- 
agation portion, and 

wherein the input position is offset from the optical axis. 

40. The optical demultiplexer according to claim 38, 
wherein the multi-mode propagation portion is formed by n single-mode waveguides (122f), and 
wherein an axis of symmetry between outermost single-mode waveguides among the n single-mode 

waveguides corresponds to an optical axis of the multi-mode propagation portion. 

41. The optical demultiplexer according to claim 40, wherein the n single-mode waveguides are equally spaced. 

42. The optical demultiplexer according to claim 37, wherein the n types of different wavelengths are equally spaced. 

15 43. An optical multi-/demultiplexer for combining/separating light of first and second wavelengths, the optical multi-/ 
demultiplexer comprising: 

a multi-mode propagation portion allowing multi-mode propagation of the light of first and second wavelengths 
and separating powers of the light of first and second wavelengths by causing internal mode interference; 
20 an input portion for inputting light to the multi-mode propagation portion from such an input position as to cause 

separation of the powers of light in the multi-mode propagation portion; and 

first and second output portions for outputting the light of first and second wavelengths from the. multi-mode 
propagation portion via such positions on an output end face as to cause separation of the powers of trTfelight 
of first and second andmaximize an extinction ratio indicating the size of the power of light of a desired wave- 
25 length with respect to the power of light of a wavelength to be cut off. 

44. An optical multi -/demultiplexer for combining/separating light of n types of different wavelengths, where n is a 
natural integer, the optical multi-/demultiplexer comprising: 

30 a multi-mode propagation portion allowing multi-mode propagation of the light of n types of different wave- 

lengths and separating powers of the light of n types of different wavelengths by causing internal mode inter- 
ference; 

an input portion for inputting light to the multi-mode propagation portion from such an input position as to cause 
separation of the powers of light in the multi-mode propagation portion; and 
35 n output portions for outputting the light of n types of different wavelengths from the multi-mode propagation 

portion via such positions on an output end face as to cause separation of the powers of the light of n types 
of different wavelengths and maximize an extinction ratio indicating the size of the power of light of a desired 
wavelength with respect to the power of light of a wavelength to be cut off. 

40 45. An optical device (300a) for adjusting wavelength-multiplexed light of n types of wavelengths, where n is a natural 
integer, the optical device comprising: 

a demultiplexing section (301 a) for separating the light of n types of wavelengths; 
a multiplexing section (302a) for combining the light of n types of wavelengths; and 
45 n adjusting sections (303a) for adjusting light of the n types of wavelengths separated by the demultiplexing 

section and inputting the light of the n types of wavelengths to the multiplexing section, 

wherein the demultiplexing section includes a demultiplexer multi-mode propagation portion allowing multi- 
mode propagation of the light of n types of wavelengths and separating powers of the light of n types of wavelengths 
50 by causing internal mode interference, 

wherein the multiplexing section includes a multiplexer multi-mode propagation portion allowing multi-mode 
propagation of the light of n types of wavelengths and combining powers of light of the n types of wavelengths by 
causing internal mode interference, and 

wherein in the case where i=0,1, .... n and k=1 , 2, ... , n-1, when a phase difference between ilh- and i+1th- 
55 order modes of a kth wavelength 1^ is G h and a phase difference between ith-and i+11h-order modes of a k+1*th 

wavelength A^ +1 is 8 k+1 , each of the demultiplexer and multiplexer multi-mode propagation portions has such an 
optical path length in a propagation direction as to cause a difference between fl k and A k+1 to be in the range of 
mn±7i/2, where m is a natural integer. 
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46. The optical device according to claim 45, wherein each of the n adjusting sections adjusts at least one of a gain, 
a phase, and a polarized status for each wavelength. ~» 

47. The optical device according to claim 45, furthercomprising an external control section, wherein the external control 
section is able to communicate with each of the n adjusting sections so as to dynamically adjust at least one of a 
gain, a phase, and a polarized status for each wavelength. 

48. The optical device according to claim 45, further comprising: 

an external control section; and 

a monitor section for monitoring the output of the multiplexer multi-mode propagation portion, 

wherein the external control section is able to communicate with each of the n adjusting sections and the 
monitor section and to feed back an output status of the multiplexer multi-mode propagation portion so as to 
dynamically adjust at least one of a gain, a phase, and a polarized status for each wavelength. 

49. An optical device (300b) having an add/drop function of extracting one of two wavelengths multiplexed in light and 
recombining the two wavelengths, the optical device comprising: 

a demultiplexer for separating light of the two wavelengths; 
a multiplexer for combining light of the two wavelengths; 

a relay waveguide (302b) for relaying light of a first wavelength in wavelength-multiplexed light to the multi- 
plexer, the relay waveguide being connected to the output side of the demultiplexer; *- 

a drop waveguide (304b) for guiding light of a second waveguide in the wavelength-multiplexed light to the 
outside of the demultiplexer, the drop waveguide being connected to the output side of the demultiplexer; and 
an add waveguide (305b) for guiding the light of the second wavelength back into the demultiplexer and relaying 
the light to the multiplexer, 



wherein the demultiplexer includes a demultiplexer multi-mode propagation portion (301b) allowing multi- 
mode propagation of light of the first and second wavelengths and separating powers of the light of the first and 
second wavelengths by causing internal mode interference, 

wherein the multiplexer includes a multiplexer multi-mode propagation portion (303b) allowing multi-mode 
propagation of the light of the first and second wavelengths and combining the powers of the light of the first and 
second wavelengths by causing internal mode interference, and 

wherein in the case where a phase difference between zero- and first-order modes of the first wavelength 
is 0 1 and a phase difference between zero- and first-order modes of the second wavelength is 0 2 , each of the 
demultiplexer and multiplexer multi-mode propagation portions has such an optical path length in a propagation 
direction as to cause a difference between G-, and G 2 to be in the range of nrm±7t/2, where m is a natural integer. 

50. An optical demultiplexer (300d) for separating, into two groups of wavelengths, input wavelength-multiplexed light 
of 2n types of different wavelengths X v X^, where n is a natural integer, the optical demultiplexer comprising: 



a multi-mode propagation portion (301 d) allowing multi-mode propagation of light of the 2n types of different 
wavelengths in the input wavelength-multiplexed light and separating powers of light of the two groups of 
wavelengths by causing internal mode interference; 

an input portion (101 a) for inputting light to the multi-mode propagation portion from such an input position as 
to cause separation of powers of light in the multi-mode propagation portion; and 

two output portions (103a and 104a) for outputting the light of the two groups of wavelengths from such posi- 
tions as to cause separation of the powers of the light of the two groups of wavelengths, 

wherein the two groups of wavelengths consist of the group of odd-numbered multiplexed wavelengths and 
the group of even-numbered multiplexed wavelengths. 



51. The optical demultiplexer according to claim 50, wherein in the case where k=1 , 2, n-1 , when a phase difference 
between zero- and first-order modes of a 2k-1 'th wavelength is Q 2k ^ and a phase difference between zero- 
and first-order modes of a 2k*th wavelength Xg k is G 2k , the multi-mode propagation portion has such an optical path 
length in a propagation direction as to cause a difference between G 2k _ 1 and G 2k to be in the range of mn+K/2, 
where m is a natural integer. 
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52. The optical demultiplexer according to claim 51 , 

wherein the multi-mode propagation portion is formed by one multi-mode waveguide 
wherein the center line of the multi-mode waveguide corresponds to an optical axis of the mufti-mode prop- 
agation portion, and 

wherein the input position is offset from the optical axis. 

53. The optical demultiplexer according to claim 51 , 

wherein the multi-mode propagation portion is formed by two single-mode waveguides having different 
lengths, and 

wherein an axis of symmetry between the two single-mode waveguides corresponds to an optical axis of the 
multi-mode propagation portion. 

54. The optical demultiplexer according to claim 50, 

wherein in the case where k=1 , 2, ... , n-1, when a phase difference between zero- and first-order modes of 
a 2k-1 In wavelength is e 2k _., and a phase difference between zero- and first-order modes of a2kth wavelength 
^2k is e 2k» tne multi-mode propagation portion includes: 

a first optical path length portion having such an optical path length in a propagation direction as to cause a 
difference between B 2k ^ and e 2k to be in the range of nrn±jt/2, where m is a natural integer; and 
a second optical path length portion having such an optical path length in the propagation direction as to a 
difference between 6^.-, and e 2k to be in the range of rrm±7i/2, 



wherein the group of the odd-numbered multiplexed wavelengths is outputted from the first optical pathlength 
portion, 

25 wherein the group of the even-numbered multiplexed wavelengths is outputted from the second optical path 

length portion, and 

wherein the first and second optical path length portions have different optical path lengths. 

55. The optical demultiplexer according to claim 54, 
30 wherein the multi-mode propagation portion is formed by one multi-mode waveguide, 

wherein the center line of the multi-mode waveguide corresponds to an optical axis of the multi-mode prop- 
agation portion, and 

- wherein the input position is offset from the optical axis. 

35 56. The optical demultiplexer according to claim 54, 

wherein the multi-mode propagation portion is formed by two single-mode waveguides having different 
lengths, and 

wherein an axis of symmetry between the two single-mode waveguides corresponds to an optical axis of the 
multi-mode propagation portion. 



57. The optical demultiplexer according to claim 50, wherein the 2n types of wavelengths are equally spaced. 

58. The optical demultiplexer according to claim 50, wherein a refractive index of the multi-mode propagation portion 
is in linear relationship with a wavelength in at least n types of wavelength ranges. 

59. The optical demultiplexer according to claim 50, 

wherein n is a number which satisfies n=4k, where k is a natural integer, and 
wherein the optical demultiplexer further comprises: 



a first latter-stage multi-mode propagation portion (304e) optically connected to an output end of the output 
portion for guiding the group of odd-numbered multiplexed wavelengths and having the same characteristic 
as that of the multi-mode propagation portion; 
a second latter-stage multi-mode propagation portion (307e) optically connected to the output end of the output 
portion for guiding the group of even-numbered multiplexed wavelengths and having the same characteristic 
55 as that of the multi-mode propagation portion; 

a first latter-stage output portion (308e) for outputting the group of 4k-3'th wavelengths separated by the first 
latter-stage multi-mode propagation portion; 

a second latter-stage output portion (309e) for outputting the group of 4k-1th wavelengths separated by the 



39 

3NSOCC1D: <EP 1426799A2_I_> 



EP 1 426 799 A2 



first latter-stage multi-mode propagation portion; 

a third latter-stage output portion (31 Oe) for outputting the group of 4 k-2' th waveleagths separated by the 
second latter-stage rr< ulti-mode propagation portion; and 

a fourth latter-stage o-tput portion (31 1 e) for outputting the group of 4k*th wavelengths separated by the second 
latter-stage multi-mode propagation portion. 

60. An optical demultiplexer for separating input wavelength-multiplexed light of first and second wavelengths, the 
optical demultiplexer comprising: 

a first multi-mode propagation portion (102g) for separating powers of light of third and fourth wavelengths by 
causing internal mode interference, the third wavelength being offset from the first wavelength by a prescribed 
wavelength, the fourth wavelength being offset from the second wavelength by a prescribed wavelength, 
an input portion (1 01 a) for inputting light to the first multi-mode propagation portion from such an input position 
as to cause separation of powers of light in the first multi-mode propagation portion; 

a first output portion (1 03g) provided to an output end face of the first multi-mode propagation portion in such 
a position as to cause separation of the powers of light of the third and fourth wavelengths and maximize an 
extinction ratio indicating the size of the power of light of the fourth wavelength with respect to the power of 
light of the third wavelength; 

a second output portion (104g) provided to the output end face of the first multi-mode propagation portion in 
such a position as to cause separation of the powers of light of the third andfourthwavelengthsandmaximizethe- 
extinctionratioindicating the size of the power of light of the fourth wavelength with respect to the power of 
light of the third wavelength; 

second and third multi-mode propagation portions (105g and 107g) each separating powers of lights fifth 
and sixth wavelengths by causing internal mode interference, the fifth wavelength being offset from the first 
wavelength by a prescribed wavelength in a direction opposite to a direction of the offset of the third wavelength, 
the sixth wavelength being offset from the second wavelength by a prescribed wavelength in a direction op- 
posite to a direction of the offset of the fourth wavelength; 

a third output portion (108g) provided to an output end face of the secondmulti-mode propagation portion in 
such a position as to cause separation of powers of light of the fifth and sixth wavelengths and maximize the 
extinction ratio indicating the size of the power of light of the sixth wavelength with respect to the power of 
light of the fifth wavelength; and 

a fourth output portion (109g) provided to an output end face of the third multi-mode propagation portion in 
such a position as to cause separation of the powers of light of the fifth and sixth wavelengths and maximize 
the extinction ratio indicating the size of the power of light of the sixth wavelength with respect to the power 
of light of the fifth wavelength. 

61. The optical demultiplexer according to claim 60, 

wherein the third and fifth wavelengths are symmetric with respect to the first wavelength, and 
wherein the forth and sixth wavelengths are symmetric with respect to the second wavelength. 



EP 1 426799 A2 J > 



40 



EP 1 426 799 A2 




EP 1 426 799 A2 




42 



EP 1 426 799 A2 




BNSOOC1D: <EP 1428799A2_L> 



EP 1 426 799 A2 





BNSDOCID: <EP 1426799A2_I_> 



44 



EP 1 426 799 A2 




BNSDOCICh <EP. 



,1426799A2J_> 



EP 1 426 799 A2 






Q txJ 
2 Q 




\ H OJ O 




ac =s 




CJ? E— • 








J (X w 




gg 


o 






S * ' o 


o> 


f— t 


» — 1 


to CO O 








. )— 1 PL) 




M 



Il 



46 

NSDOCID: <EP 1 426799A2_I_> 



EP 1 426 799 A2 




47 

3NSDOC1D: <EP 1426799A2J_> 



EP 1 426 799 A2 




BNSDOCICh <EP 1 426799 A2_l_> 



EP 1 426 799 A2 




50 



3NSOOCID: <EP 1426799A2J_> 




BNSDOCID: <EP 1 426799A2_t_> 



EP 1 426 799 A2 




52 

ISDOCID: <EP 1 426799A2_I_> 



EP 1 426 799 A2 




53 

3NSOOC1D: <EP 1426799A2J_> 



EP 1 426 799 A2 




54 



BNSOOCtD: <EP 



.1 426799A2_I_> 



EP 1 426 799 A2 




EP 1 426 799 A2 



o 




00 

6 
> — » 



t 



oo. 

CM 



\ 



CO 

to 

<=> 

CO 



CO 
to 



CO 



II 



3NSOOCID: <EP 1 426799 A2_l_> 



57 



EP 1 426 799 A2 




58 

^SDOCID: <EP 1426799A2_I_> 



EP 1 426 799 A2 




59 

BNSOOC1D: <EP 1426799A2J_> 



EP 1 426 799 A2 




60 

NSDOCID; <EP 1426799A2_L> 



EP 1 426 799 A2 




61 



BNSDOCID: <EP 1 426799A2_I_> 



EP 1 426 799 A2 




62 

WSDOCID: <EP 1426799A2J_> 



EP 1 426 799 A2 




BNSDOCJD: <EP 1 426799A2_I_> 



63 



EP 1 426 799 A2 




64 



NSDOCID: <EP 1 426799 A2_l_> 



EP 1 426 799 A2 




EP 1 426 799 A2 




66 



3NSDOCIO. <EP 1 426799 A2J_> 



EP 1 426 799 A2 




67 



BNSDOCID: <EP 1 426799A2_L> 



EP 1 426 799 A2 



Csl 
6 




JNSDOCID: <EP 1 426799 A2_l_> 



68 



EP 1 426 799 A2 




BNSDOCID: <EP 1 426799A2 J_> 



69 



THIS PAGE BLANKS" 0 ' 



(19) 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



(12) 



(ID EP 1 426 799 A3 

EUROPEAN PATENT APPLICATION 



(88) Date of publication A3: 

18.05.2005 Bulletin 2005/20 

(43) Date of publication A2: 

09.06.2004 Bulletin 2004/24 

(21) Application number: 03026396.6 

(22) Date of filing: 18.11 .2003 



(51) Intci7: G02B 6/12, G02B 6/28, 
G02B 6/293 



(84) Designated Contracting States: 


(72) 


Inventor: Hamada, Hidenobu 


AT BE BG CH CY CZ DE DK EE ES Fl FR GB GR 




Amagasaki-shi Hyogo-ken 661-0033 (JP) 


HU IE IT LI LU MC NL PT RO SE SI SK TR 






Designated^ Extension States: 


(74) 


Representative: Gassner, Wolfgang, Dr. 


AL LT LV MK 




Pate ntan wart, 






Nagelsbachstrasse 49a 


(30) Priority: 29.11.2002 JP 2002348661 




91052 Erlangen (DE) 


(71) Applicant: MATSUSHITA ELECTRIC INDUSTRIAL 






CO., LTD. 






Kadoma-shi, Osaka 571-8501 (JP) 







(54) Optical demultiplexer, optical multi-Zdemultiplexer, and optical device 



(57) The present invention provides an optical de- 
multiplexer and an optical multi-/demu!tiplexer at low 
cost without reducing performance capabilities. An op- 
tical demultiplexer (100a) includes: a multi-mode 
waveguide (102a) having such an optical path length as 
to cause a difference between first and second wave- 
lengths with respect to a phase difference between ze- 
ro- and first-order modes to become an integral multiple 



of n; an input waveguide (105a) optically connected to 
the input side of the multi-mode waveguide (1 02a) such 
that the optical axis thereof is offset from the center line 
of the multi-mode waveguide (102a); and two output 
waveguides (1 03a and 1 04a) optically coupled to the 
multi-mode waveguide (102a) at different positions of 
the output side of the multi-mode waveguide (102a). 
The two output waveguides (103a and 1 04a) are located 
in such a manner as to maximize the extinction ratio. 



F I G. 



CO 
< 

o> 
o> 

CD 
CM 



Q. 

HI 



1.30 am LIGHT 
INPUT END 
FIRST-ORDER U0DE 



101a 



1. 30 nm LIGHT 
INPUT END 
ZERO-ORDER MODE 



7 

1 




1.30 mo LIGHT OUTPUT 
END FIRST-ORDER MODE 



A 

JOSn 



7^ 



1.30 m LIGHT DISTRIBUTION 



1.30 can LIGHT OUTPUT 
END ZERO-ORDER MODE 



106a 



/ 



7 

1.S5 sn LIGHT 
INPUT END 
FIRST-ORDER MODE 



102a 



100a 



1.55 ran LIGHT INPUT 
END ZERO-ORDER MODE 




L 55 a» LIGHT OUTPUT 
END FIRST-ORDER MODE 



: 1.30 tin LIGHT 
-1. 55 no LIGHT 



Printed by Jouve, 75001 PARIS (PR) 



BNSDOCID: <EP 1 426799 A3_l_> 



EP 1 426 799 A3 




European Patent : Application Number 

Office E p £ 3 02 6396 



CLAIMS INCURRING FEES 



The present European patent application comprised al the time of filing more than ten claims. 

□ Onty part of the claims have been paid within the prescribed time limit. The present European search 
report has been drawn up for the first ten claims and for those claims for which claims fees have 
been paid, namely claim(s): 



□ No claims tees have been paid within the prescribed time limit. The present European search report has 
been drawn up for the first ten claims. 



LACK OF UNITY OF INVENTION " ' .'' ' 

The Search Division considers that the present European patent application does not comply with the 
requirements of unity of invention and relates to several inventions or groups of inventions, namely: 



see sheet B 



□ 
□ 
□ 



All further search fees have been paid within the fixed time limit. The present European search report has 
been drawn up for al! claims. 

As all searchable claims could be searched without effort justifying an additional fee, the Search Division 
did not invite payment of any additional fee. 

Only part of the further search fees have been paid within the fixed time limit The present European 
search report has been drawn up for those parts of the European patent application which relate to the 
inventions in respect of which search fees have been paid, namely claims: 



El 



None of the further search fees have been paid within the fixed time limit. The present European search 
report has been drawn up for those parts 61 the European patent application which relate to the invention 
first mentioned in the claims, namely claims: 

1-44, 50-61 ; ; ' 



1 426799A3 J_> 



2 



EP 1 426 799 A3 




European Patent 
Office 



LACK OF UNITY OF INVENTION 
SHEET B 



EP 03 G2 6396 



Application Number 



The Search Division considers that the present European patent application does not comply with the 
requirements of unity of invention and relates to several inventions or groups ot inventions, namely: 

1. claims: 1-44,50-61 

Optical demultiplexer for separating input 
wavelength-multiplexed light of first and second 
wavelengths; and optical device comprising all the features 
of said demultiplexer. 



2. 



claims .: 45-48 



Optical device with n adjusting sections for adjusting light 
of n types of wavelengths 



3. 




Optical device having an add/ drop function with a drop t . . 
waveguide for extracting a wavelength, and an add waveguide 
for recombining it. 




3 



BNSDOCID: <EP. 



1426799A3J > 



EP 1 426 799 A3 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Number 

EP 03 02 6396 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Citation of document with indication, where appropriate, 
of relevant passages 



Relevant 
to claim 



CLASSIFICATION OF THE 
APPLICATION (lnt.CI.7) 



X,D 



X,D 



US 2092/154849 Al (LEUTHOLD JUERG) 
24 October 2002 (2002-10-24) 



* paragraphs [0010], [0026]; figures 
5a,i;W-b * 



patent; abstracts of japan 

voU ; .199.6, no. 12, 

26 December 1996 (1996-12-26) 

-& OP.iOS-201648 A (NIPPON TELEGR &amp:. 

TELEPH-ieORP ! &lit ; NTT&gt ; ) , 

9 August 1996 .(1996-08-09) 

* ab5toac : ti. : ;fi^dre 14 * 

* figj&es i;H0>13 * 



CHUANGiWrC ET AL: "INTEGRATED- OPTICS 

MULTIMODE-INTERFERENCE WAVELENGTH DIVISION 

MULTIPLEXER FOR OPTICAL COMMUNICATION" 

FIBER AND INTEGRATED OPTICS, TAYLOR & 

FRANCIS, LONDON, GB, 

vol. 18, no. 2, 1999, pages 93-104, 

XP00O905967 

ISSN: 0146-8030 

* the whole document * 



LI B ET AL: "LOW-LOSS 1X2 MULTIMODE 
INTERFERENCE WAVELENGTH DEMULTIPLEXER IN 
SI LI CON- GERMANIUM ALLOY" 
IEEE PHOTONICS TECHNOLOGY LETTERS, IEEE 
INC. NEW YORK, US, 

vol. 11, no. 5, May 1999 (1999-05), pages 
575-577, XP000830418 
ISSN: 1041-1135 

* page 575, right-hand column - page 576, 
left-hand column * 



-/-- 



The prcocnt scorch report haa been drawn up .for all claims 



1-12, 
14-16, 
34, 

37-39, 
42-44, 
50-52,57 
60 



1,35-37, 
43,44,56 



GQ2B6/12 
G02B6/28 
G02B6/293 



1,37,43, 
44,50 



*» 3 -tl'. 
. .., 



TECHNICAL FIELDS 
SEARCHED (IM.CL7) 



G02B 



1,37,43, 
44,50 



O 

I 



Place ol search 

Berlin 



Date ol comptetion ol the search 

24 November 2004 



CATEGORY OF CITED DOCUMENTS 

X : particularly relevant H taken alone 

V : parfcuiarly relevant if combined with another 

document ol the same category 
A : technological background 
O : non-written disclosure 
P : inter mediate document 



Examiner 

Jacobs, A 



T : thecry or princple underlying the invention 
E : earlier patent document, but published on, or 

after the fifing date 
D : document cited in the appi cation 
L : document cited for other reasons 

& : member of the same patent tamUy. corresponding 
document 



4 



NSDOCID: <EP 1426799A3J_> 



EP 1 426 799 A3 




European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Number 

EP 03 02 6396 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Citation of document with indication, where appropriate, 
of relevant passages 



US 5 862 288 A (BATCHMAN THEODORE ET AL) 
19 January 1999 (1999-81-19) 
* column 3, line 46 - column 4, Tine 20; 
claims 1-3; figures 3,4 * 



-.-.V.i'T:- 



The prcoent ocofeh report huo becf> dro w n up for n» cla i ms 



Relevant 
to claim 



CLASSIFICATION OF THE 
APPLICATION (lnt.CI.7) 



1,37,43, 
44,50 



TECHNICAL FIELDS 
SEARCHED . (b»LCL7) 



Place ct search 

Berl i n 



Dale of completion oi the search 

24 November 2904 



Examiner 

Jacobs, A 



CATCGOnY OF CITED DOCUMENTS 

. X : particularly relevant 9 taken atone 
Y . particularly relevant d combined w&h another 

document of the same category 
A : technological background 
O : non-written disclosure 
P : intermediate document 



T : theory or principle underlying the invention 
E : earlier patent document, but published on. or 

aflei tlte filing date 
D : document cHed in the applcation 
L : document cited lor other reasons 

& : member ot Cie same patent family, corresponding 
document 



5 



BNSOCCID: <EP 1 426799 A3_l_> 



■•■ : x •» 



EP t 426 799 A3 



ANNEX TO THE EUROPEAN SEARCH REPORT 
ON EUROPEAN PATENT APPLICATION NO. 



EP 03 02 6396 



This annex lists the patent lamily members relating to the patent documents cited in the above-mentioned European search report. 
The members are as contained in the European Patent Office EDP file on 

The European Patent Office is in no way liable for these particulars which are merely given for the purpose ol information. 

24-11-2004 



Patent document 
cited in search report 



Publication 
date 



Patent family 
member(s) 



Publication 
date 



US 2D02154849 Al 



24-10-2002 



CA 2377647 Al 

JP 2002357729 A 



24-10-2002 
13-12-2002 



JP 08201648 
US 5862288 



A 09-08-1996 NONE 
A 19-01-1999 NOME 



o 

ui For more details about this annex : see Official Journal of the European Patent Office. No. 1 2/82 



3NSDOCID: <EP. 



1426799A3_I_> 



